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EXECUTIVE  SUMMARY 

Background .  Durinq  past  Department  of  Defense  (DoD)  produc¬ 
tion  operations  at  military  installations,  a  common  (and  accept¬ 
ed)  practice  was  the  disposal  of  process  wastewaters  in  lagoons 
near  the  production  facility.  Explosive  wastewaters,  heavy  metal 
sludges,  and  other  organic  and  inorganic  wastes  have  washed  out 
along  natural  drainaqe  paths  or  have  been  placed  in  laqoon 
areas.  Over  the  years,  some  of  the  wastes  placed  in  these  la¬ 
goons  have  migrated  or  begun  to  cause  groundwater  contamination 
concerns.  Many  of  thq.se  lagoons  may  create  problems  for  excess- 
ing  actions  and  may  also  require  decontamination  before  the  dis¬ 
posal  area  can  be  declared  safe  for  a  specified  use  by  the  gov¬ 
ernment  or  the  private  sector.  In-place  closure  for  some  of 
these  laqoons  may  be  a  favored  technology  to  mitigate  potential 
migration  of  contaminants.  In-place  closure  may  also  represent 
the  safest  and  most  cost-effective  closure  approach. 

The  main  objective  of  Roy  F.  Weston's  (WESTON)  Task  Order  3 
contract  with  the  U.S.  Army  Toxic  and  Hazardous  Materials  Agency 
(USATHAMA)  ,  "Guidelines  for  In-Place  Closure  of  Dry  Laqoons,"  is 
the  development  of  technical  guidelines  for  closing  of  waste 
disposal  areas  based  on  the  current  state-of-the-art  technolo¬ 
gies.  As  shown  on  Figure  1,  two  major  options  are  available  for 
closure  of  military  installation  laqoons,  as  follows: 

(a)  Removal  and  offsite  disposal  of  laqoon  contents  and 

contaminated  sediments. 

(b)  in-place  closure  of  the  disposal  areas  to  minimize  po¬ 

tential  future  contamination  migration. 

The  volume  I  report  for  this  task  entitled  "Regulatory  Re¬ 
quirements  Final  Report,"  described  site-specific  waste  laqoon 
and  lagoon  environment  characteristics,  as  well  as  the  requla- 
tory  requirements  for  closure.  This  document,  volume  II  of  the 
Task  Order,  develops  the  in-place  lagoon  closure  guidelines  and 
describes  and  evaluates  the  possible  application  of  closure 
technologies  to  waste  disposal  areas  at  military  installations. 
Closure  technologies  and  techniques  are  not  proposed  on  a  site- 
specific/installation-specific  basis  but  within  a  guideline 
framework  that  may  be  applied  to  any  site. 

Summary .  The  technologies  for  in-place  closure  comprise 
three  basic  categories,  as  follows: 

(a)  Lagoon  containment. 

(b)  Waste  processinq/treatment . 

(c)  Environmental  isolation. 
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More  specific  technoloqies  within  each  ot  these  three  broad 
cateqories  are  the  followmq: 

(a)  Containment. 

-  Soil  cap  systems  {Section  3) . 

-  Nonsoil  caps  and  liners  (Section  4). 

-  Surface-water  diversion  (Section  5). 

(b)  Environmental  isolation. 

-  Groundwater  diversion  (Section  6) . 

-  Groundwater  flow  manipulation  (Section  7) . 

(c)  Waste  process inq  and  treatment. 

-  Soliditication/staoilization  (Section  8) . 

-  Chemical#  physical,  and  bioloqical  desensitization 
techniques  (Section  8) . 

Specific  remedial-action  techniques  are  presented  within 
each  section  as  methods  of  achieving  the  desired  objectives  of 
in-place  closure.  For  instance,  the  discussion  of  a  soil  cap 
system  (in  Section  3)  as  a  method  of  waste  containment  is  broad¬ 
ened  to  include  the  techniques  of  multilayer  caps,  native  soil 
covers,  qeotextile  fabric  applications,  and  bio-barrier  applica¬ 
tions.  Within  each  section,  the  closure  technoloqies  are  pre¬ 
sented  in  terms  of  system  descriptions,  functional  applications, 
desiqn  and  evaluation  considerations,  performance  verification 
techniques,  and  limitations.  The  desiqn  requirements  and  system 
applications  are  described  in  terms  of  the  qeneral  waste  charac¬ 
teristics  and  laqoon  environment  conditions  that  may  be  present 
at  military  installations  and  that  would  be  considered  in  suc¬ 
cessful  implementation  of  an  in-place  closure  strategy. 

Section  2  develops  a  quideline  or  "user's  manual”  for  evalu¬ 
ating  potential  applications  of  closure  technoloqies.  The  sec¬ 
tion  presents  basic  decision  matrices  and  evaluation  tables  to 
provide  the  user  with  technical  guidance  toward  determining 
whether  in-place  closure  is  a  possible  alternative  and,  if  so, 
which  remedial- act ion  closure  techniques  should  be  considered. 
Witnin  Section  2,  the  crucial  decision-making  questions  are  ad¬ 
dressed  in  terms  of  waste-specific  concerns  (e.q.,  explosive 
wastes  may  require  desensitization  prior  to  in-place  closure) 
and  site-specific  environmental  concerns  (e.q.,  rulinq  out  the 
use  of  in-place  closure  when  uncontrolled  contamination  results 
from  waste  disposal  areas  lying  within  a  flood  plain  or  above 
sinkhole-laden  limestone  bedrock) . 
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The  primary  application  of  this  document  is  to  serve  as  a 
guidance  manual  that  provides  a  decision-makinq  framework  for 
determininq  if  in-place  closure  is  a  viable  alternative  and 
lists  and  discusses  the  potential  technoloqies  for  use  with  in- 
place  closure.  The  applications,  desiqn  considerations,  and  per¬ 
formance  verification  techniques  for  each  technoloqy  are  devel¬ 
oped  only  in  terms  of  the  qeneral  applicability  with  specific 
waste  types  and  the  qeneral  site  conditions  required  for  suc¬ 
cessful  application.  Prior  to  selectinq  a  desiqn  for  in-place 
closure,  detailed  site-specific  investigations  are  necessary  to 
establish  the  actual  disposal  practices,  waste  types,  extent  of 
contamination,  and  critical  environmental  conditions  at  a  par¬ 
ticular  military  installation,  in  addition,  a  detailed  engineer¬ 
ing  investigation  is  necessary  to  evaluate  the  potential  reme¬ 
dial  closure  options  for  the  site-specific  conditions  and  to 
recommend  an  appropriate  strateqy  for  the  site  closure. 

Recommended  research  needs.  From  the  results  of  the  tech¬ 
noloqy  analysis,  the  following  areas  have  been  identified  for 
additional  research  needs: 

(a)  compatibility  of  soil  liners  (e.q.,  clays)  with  leach¬ 

ate  from  explosive  wastes. 

(b)  Compatibility  of  slurry  and  grout  curtain  material  with 

leachate  from  explosive  wastes. 

(c)  Desensitization  of  explosive  waste  materials  in  lagoons 

in  the  solid  phase  mode. 

(d)  Use  of  solidification/fixation  techniques  to  reduce 

leachability  of  explosive  wastes  and  possibly  render 

them  nonexplosive. 
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1 .  INTRODUCTION 

1.1  General .  The  purpose  of  this  report  is  to  present  a 
general  remedial  action  decision-raakinq  tool  that  can  be  used  to 
evaluate  and  select  technologies  for  in-place  closure  of  contam¬ 
inated  waste  disposal  areas.  Technologies  are  addressed  to  con¬ 
trol  the  various  potential  waste  types  to  be  found  at  military 
installations,  as  well  as  the  potential  contamination  of  the 
soil,  qroundwater,  and  surface  water. 

1.2  Scope  and  objectives.  In  preparing  this  document, 
WESTON  incorporated  five  basic  objectives  into  the  scope  of 
work.  These  included: 

(a)  Assess  tne  physical  and  chemical  waste  characteristics 

to  be  met  for  successful  in-place  closure. 

(b)  Assess  the  laqoon  area  and  environmental  conditions 

that  must  be  present  for  in-place  closure  to  be  suc¬ 
cessful  . 

(c)  Review  technologies  that  can  be  applied  to  measure  la¬ 

goon  integrity  after  closure. 

(d)  Review  technologies  that  can  be  used  to  measure  the  ef¬ 

fectiveness  of  the  laqoon  closure  to  contain  the  con¬ 
taminant  sources. 

(e)  Methodoloqy  required  to  verify  construction  and  envi¬ 

ronmental  performance  for  in-place  closure. 

To  achieve  these  objectives,  the  following  subtasks  were  de¬ 
lineated: 

(a)  Review  of  waste  lagoon  characteristics  data  (incorpor¬ 

ated  into  Volume  I)  . 

(b)  Establish  site-specific  laqoon  area  conditions  (incor¬ 

porated  into  Volume  I) . 

(c)  Review  of  applicable  state  and  Federal  regulations  for 

hazardous  waste  disposal  (incorporated  into  Volume 

I)  . 

(d)  Review  of  lagoon  closure  technology  (incorporated  into 

Volume  II)  . 

(e)  Establish  lagoon  guidelines  (incorporated  into  Volume 

II)  • 

(f)  Establish  performance  verification  technology  (incorpo¬ 

rated  into  Volume  II). 
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1.3  Literature  search.  To  qather  information  on  current 
state-of-the-art  closure  technologies,  WESTON  performed  an  ex¬ 
tensive  literature  search.  The  searching  process  included  a  re¬ 
view  of  existing  DoD  research  projects,  as  well  as  an  extensive 
application  of  key  word  computer  search  patterns.  The  search 
was  conducted  durinq  the  early  phase  of  this  Task  Order  and 
produced  a  large  listing  of  potentially  applicable  journal  ar¬ 
ticles  and  research  reports.  The  files  accessed  during  the  com¬ 
puter  search  routine  included  the  following: 

(a)  Pollution  abstracts. 

(b)  NTIS  (National  Technical  information  Service)  . 

(c)  Compendix  (Engineering  Index) . 

(d)  Enviroline. 

(e)  Georef. 

(f)  Geoarchive. 

(q)  Cris/USDA. 

(h)  DROLS  (Defense  Research  On-Line  System). 

Once  the  literature  search  data  were  compiled,  it  was  re¬ 
viewed  for  inclusion  of  pertinent  articles  into  the  volume  II 
document.  WESTON  intended  to  review  existing  and  proven  closure 
technologies  as  well  as  recently  emerging  and  innovative  ap¬ 
proaches.  Technologies  were  identified  in  all  areas  addressed 
in  the  report,  including  soil  cap  systems,  nonsoil  caps  and  lin¬ 
ers,  surface-water  diversion,  groundwater  diversion,  groundwater 
flow  manipulation,  and  in-situ  processing/treatment  techniques. 
The  key  references  utilized  in  the  evaluation  of  in-place  clo¬ 
sure  technologies  are  included  at  the  end  of  each  section. 


2 


APPLICATION  OF  IN-PLACE  CLOSURE  REMEDIAL  ACTIONS 


2.1  General.  The  purpose  of  this  document  is  to  provide  a 
decision-makinq  nandbook  that  can  be  used  to  evaluate  and  select 
technologies  for  in-place  closure  of  contaminated  waste  disposal 
areas.  Technologies  are  presented  and  evaluated  herein  to  con¬ 
trol  the  waste  types  encountered  at  military  installations  as 
well  as  the  potential  contamination  of  soil,  qroundwater,  and 
surface  water.  A  guidance  manual  for  selection  of  various  m- 
place  closure  techniques  is  described  in  subsection  2.2,  and  an 
overall  summary  and  evaluation  of  the  specific  remedial  actions 
is  presented  in  subsections  2.3  and  2.4.  Finally,  subsection  2.5 
presents  trial  scenarios  for  in-place  closure,  in  which  the 
guidance  manual  decision  matrices  are  used  to  evaluate  potential 
scenarios  for  closure. 

The  guidance  manual  can  be  used  by  installation  decision¬ 
makers  to  generally  assess  the  applicability  of  remedial  action 
categories,  based  on  site-specific  waste  characteristics  and 
site  conditions.  The  highlights  of  the  detailed  remedial  action 
descriptions  (Sections  3-8)  are  outlined  for  the  various  tech¬ 
nologies  through  evaluation  matrices  within  subsection  2.3. 
These  specific  technology  evaluations  can  be  used  in  conjunction 
with  the  general  guidance  manual  to  assess  the  applicability  of 
in-place  closure  at  a  particular  military  installation.  It 
should  be  noted  that  these  technology-specific  evaluations  are 
still  generic  in  nature,  and  detailed  site-specific  and  waste- 
specific  evaluations  would  be  required  to  fully  characterize  the 
applicability  of  in-place  closure. 

2. 2  Guidance  manual  for  in-place  closure  applications.  Sub¬ 
sequent  sections  of  this  document  present  descriptions  of  cur¬ 
rent  state-of-the  art  technologies  for  m-place  closure  of  con¬ 
taminated  areas.  These  technologies  are  discussed  in  terms  of  an 
overall  process  description  and  a  general  evaluation  of  appro¬ 
priate  design  and  performance  verification  techniques.  One  of 
the  overall  objectives  of  this  Task  Order  is  to  prepare  general 
guidelines  for  in-place  closure  of  waste  disposal  lagoons.  To 
this  point,  the  evaluation  of  technology  applications  has  been 
confined  to  the  general  waste  and  lagoon  environment  character¬ 
istics  for  each  of  the  six  major  technology  categories. 

This  section  presents  an  overall  decision-making  framework 
for  the  evaluation  of  lagoon  closure  applications.  The  technol¬ 
ogies  are  described  in  terms  of  their  general  use  for  mitigat- 
inq  environmental  contamination  problems.  The  scale  of  the  eval¬ 
uation  is  broadened  from  technology-specific  (as  described  in 


Sections  3-8)  to  system-spec i t ic ,  where  qroups  of  technoloqies 
can  be  applied  to  solve  the  varied  contamination  problems  of  in¬ 
teracting  environmental  characteristics. 

The  Volume  1  deliverable  for  this  Task  Order  was  presented 
as  a  background  review  document  of  selected  Army  installations 
to  describe  waste  lagoon  characteristics,  laqoon  area  (environ¬ 
mental)  characteristics,  and  pertinent  state  and  Federal 
hazardous  waste  regulations.  From  that  information,  the 
following  general  conclusions  were  drawn  in  terms  of  existinq 
contamination  concerns  at  these  Army  installations: 

(a)  General  cateqories  of  waste  laqoon  characteristics: 

-  Explosive  wastes  in  unlined  laqoon  areas. 

-  Explosive  wastes  in  natural  drainage  ditches. 

-  Explosive  wastes  in  lined  lagoons. 

-  Nonexplosive  wastes  in  unlined  disposal  areas. 

-  Nonexplosive  wastes  in  lined  disposal  areas. 

(b)  General  cateqories  of  environmental  characteristics: 

-  Averaqe  annual  precipitation. 

-  Soil  type  and  permeability. 

-  Type  and  thickness  of  unconsolidated  sediments. 

-  Type  and  depth  to  bedrock. 

-  Depth  to  qroundwater. 

-  Groundwater  use. 

-  Flooding  potential. 

Tms  section  of  the  document  describes  the  methodology  that 
can  be  followed  to  evaluate  and  implement  remedial  action  clo¬ 
sure  approaches  at  Army  installations.  Matrices,  fiqures,  and 
tables  are  provided  as  decision-making  tools  to  help  evaluate 
the  impacts  of  the  waste  laqoon  and  environmental  characteris¬ 
tics  on  in-place  closure.  This  section  is  set  up  to  address  four 
basic  aspects  of  the  assessment  of  in-place  closure  techniques 
and  to  enable  an  installation  commander  to  progress  through  the 
evaluation  from  general  considerations  to  site-specific  applica¬ 
tions.  This  section  describes  the  following: 

(a)  General  evaluation  approach. 

(b)  Assessment  of  contaminant  pathways. 

(c)  Technology  evaluation. 

(d)  Development  of  trial  closure  scenarios. 

2.2.1  General  evaluation  approach.  Fiqure  2  presents  the 
oasic  decision-tree  matrix  that  can  be  incorporated  as  a  general 
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tLaaiework  tor  evaluating  in-place  closure  remedial  actions,  fig¬ 
ure  2  can  serve  as  a  guidance  matrix  tor  an  installation  com¬ 
mander  to  assess  the  application  of  closure  technologies.  The 
matrices  presented  in  subsequent  subsections  provide  greater  de¬ 
tail  for  this  evaluation.  The  tollowmq  three  phases  of  this  as¬ 
sessment  are  portrayed: 

(a)  Site  assessment  phase. 

(b)  Technology  evaluation  phase. 

(c)  Closure/post-closure  pnase. 

Within  the  site  assessment  phase,  the  installation's  waste 
lagoon  characteristics  and  laqoon  environment  characteristics 
are  determined  as  an  initial  work  item.  For  the  most  part,  the 
information  gathered  under  the  USATHAMA  Pnase  I  and  Phase  II 
installation  assessment  reports  can  provide  the  basis  for  under¬ 
standing  these  installation-specific  characteristics.  In  addi¬ 
tion  to  this  information,  the  impacts  of  regulatory  require¬ 
ments  on  site  closure  must  De  understood,  and  an  evaluation  of 
the  impacts  of  site-specific  conditions  on  in-place  closure  must 
be  conducted.  State  requlatory  requirements  may  serve  as  an  ul¬ 
timate  constraint  on  in-place  closure  (see  Volume  1  of  this  Task 
Order),  as  is  the  case  with  m-place  closure  of  a  reactive  waste 
that  cannot  be  treated/desensitized  to  eliminate  reactivity.  As 
Figure  2  indicates,  in-place  closure  in  this  case  is  not  an  op¬ 
tion. 


Once  the  regulatory  impacts  are  understood  and  conditions 
are  favorable  for  closure,  the  interaction  of  the  lagoon  envi¬ 
ronment  characteristics  must  be  evaluated.  This  represents  the 
key  component  to  accomplishing  the  second  phase  of  the  decision 
tree  matrix  outlined  in  Figure  2,  the  technology  evaluation 
phase.  The  crucial  consideration  here  includes  the  evaluation  of 
the  applicability  of  various  m-place  closure  approaches  to 
solving  the  environmental  concerns  of  waste  management.  Technol¬ 
ogy  evaluation,  design  and  construction,  and  performance  verifi¬ 
cation  are  keys  to  the  success  of  the  in-place  closure  approach. 
Each  of  the  six  closure  technology  categories  (evaluated  in  gen¬ 
eral  in  subsection  2.3  and  discussed  in  detail  in  Section  3 
tnrouqh  Section  8)  must  be  evaluated  in  terms  of  its  application 
as  a  remedial-action  approach  to  eliminating  the  environmental 
contamination  concerns.  Decision-making  guidelines  for  complet¬ 
ing  the  technology  evaluation  phase  are  expanded  upon  and  dis¬ 
cussed  in  greater  detail  in  this  section. 
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The  final  evaluation  staqe  presented  in  Fiqure  2  is  the  clo¬ 
sure/post  -c  losure  phase  in  which  remedial -act ion  implementation 
and  lonq-term  monitor inq/maintenance  considerations  are  ad¬ 
dressed.  The  success  of  many  remedial-action  approaches  may 
hinqe  on  the  ease  of  implementation  and  the  deqree  of  lonq-term 
requirements  for  monitoring  and  maintenance. 

2.2.2  Assessment  of  contaminant  pathways.  The  site  assess¬ 
ment  phase  and  technology  evaluation  phase  requirements  shown  on 
Fiqure  2  are  expanded  upon  and  described  in  detail  in  this  sub¬ 
section.  Six  matrices,  Fiqures  3  through  8,  are  included  as  de¬ 
cision-making  guidelines  for  evaluation  of  the  site-specific  and 
technology  application  considerations.  Each  matrix  is  designed 
to  aid  the  decision-maker  in  assessing  the  application  of  vari¬ 
ous  in-place  closure  approaches,  and  each  addresses  an  individ¬ 
ual  contaminant  pathway  that  can  be  impacted  throuqh  closure. 
The  six  contaminant  pathway  considerations  are  as  follows: 

(a)  waste  and  lagoon  area  characterization  (Fiqure  3). 

(d)  Surface  area  conditions  (Figure  4). 

(c)  Surface  infiltration  considerations  (Fiqure  5). 

(d)  Subsurface  soil  characteristics  (Figure  6). 

(e)  Hydroqeo logical  conditions  (Fiqure  7). 

(f)  Groundwater  conditions  (Fiqure  8). 

2. 2. 2.1  Waste  and  lagoon  area  characterization.  The  matrix 
shown  in  Figure  3  is  used  to  determine  whether  any  waste  type  or 
environmental  characteristic  exists  that  would  limit  the  appli¬ 
cation  of  in-place  closure  technologies.  The  inputs  to  this  de¬ 
cision  matrix  include  an  evaluation  of  the  available  site-spe¬ 
cific  background  information,  the  performance  of  field  investi¬ 
gations  to  characterize  the  wastes,  soil,  groundwater,  surface- 
water,  and  air  conditions,  and  an  evaluation  of  applicable  Fed¬ 
eral  and  state  requlatory  requirements  for  hazardous  waste  man¬ 
agement.  The  decision  variables  in  the  matrix  describe  the  con¬ 
straints  that  the  waste  material  may  pose  for  in-place  closure. 
The  installation  commander  can  work  his  way  throuqh  the  decision 
variables,  concluding  with  matrix  outputs  that  lead  to  either 
the  determination  that  in-place  closure  may  not  be  an  option  or 
into  the  evaluation  of  alternative  closure  options.  If  the  waste 
characteristics  are  not  constraints  on  in-place  closure  (either 
by  definition  or  after  waste  processing/treatment).  Figures  4 
through  8  should  be  used  to  evaluate  the  alternative  closure  op¬ 
tions  for  the  waste  area. 
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Figure  3.  Watte  and  lagoon  area  characterization. 


Figure  5.  Surface  infiltration  considerations. 
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Figures.  Subsurface  toil  characteristics. 
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Hydrogeological  conditions. 


Figure  8.  Groundwater  conditions. 
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2.  2.  2.  2  Sue  tace-urea  condition:;.  The  tirot  major  contami¬ 
nant  pathway  that  must  be  addressed  is  direct  contamination  ot 
surtace  water  throuqh  either  tioodmq  or  surtace  runoft.  Fiqure 
4  traces  the  decision  variables  that  are  a  part  ot  the  evalua¬ 
tion  of  surface  area  conditions.  The  results  of  the  waste  and 
laqoon  area  characterization  evaluation  (see  Fiqure  3)  comprise 
tne  input  information  to  this  matrix.  Major  decision  variables 
involve  the  evaluation  ot  site  tioodinq  potential  and  the  evalu¬ 
ation  of  surtace  runoff  potential.  As  the  fiqure  indicates, 
tioodinq  is  a  concern  in  in-place  closure  where  the  contaminated 
area  lies  within  the  lUO-year  flood  plain  or  is  prone  to  other 
seasonal  tioodinq  conditions,  and  where  remedial  actions  or 
waste  removal/ replacement  is  not  feasible.  In  these  situations, 
tioodinq  becomes  a  limitinq  constraint  and  in-place  closure  may 
not  be  an  option  for  remedial  action. 

Surtace  runoff  contamination  is  a  major  concern  in  other 
situations  where  the  disposal  or  hiqhly  contaminated  site  Lies 
within  a  natural  drainaqe  area,  or  in  an  area  prone  to  other 
surtace  runoff  conditions,  and  where  remedial  actions  or  waste 
removal/replacement  is  not  feasible.  As  in  the  similar  situation 
with  tioodinq,  the  potential  for  contaminated  surface  runoff 
becomes  a  limitinq  constraint  for  the  application  of  in-pl'~e 
closure.  If  floodinq  and  surtace  runoff  are  not  of  concern  r 
if  remedial  actions,  such  as  surface  runoff  diversion,  waste 
excavation,  and  waste  reburial,  can  mitiqate  the  potential 
contamination  ot  surface  waters,  the  decision  maker  should 
proceed  to  evaluation  of  other  potential  contaminant  pathways. 

2. 2. 2. 3  Surface  infiltration  considerations.  Fiqure  5  shows 
the  decision  matrix  that  should  be  incorporated  to  evaluate  in¬ 
filtration  potential  as  a  contaminant  pathway.  Site  infiltration 
is  a  measure  of  the  water  that  can  miqrate  throuqh  the  surface 
soils  and  potentially  come  in  contact  with  the  waste  material. 
Infiltration  can  be  looked  upon  as  the  drivinq  force  behind  sub¬ 
surface  contamination,  since  m  most  situations,  the  percolatinq 
infiltration  can  carry  the  contaminants  throuqh  the  soil.  The 
key  decision  variables  in  the  evaluation  of  site  infiltration 
potentials  (as  shown  in  Fiqure  5)  include  whether  or  not  the 
surface  soils  exhibit  high  permeability  rates,  and  whether  or 
not  annual  precipitation  at  the  site  is  hiqh.  These  are  the  ma¬ 
jor  environmental  characteristics  that  determine  the  potential 
generation  of  contaminated  infiltration.  Remedial  actions  can  be 
incorporated  to  mitiqate  surface  infiltration  potentials.  These 
may  include  the  use  of  native  soil  covers  (if  there  is  a  reduced 
potential  for  site  infiltration) ,  soil  and  nonsoil  cap  systems, 
surface-water  diversion,  and  processinq/treatment  techniques  to 
reduce  the  leachability  of  the  waste. 
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2. 2. 2. 4  Suosurface  soil  characteristics.  Soil  characteris¬ 
tics  play  a  major  role  in  the  potential  subsurface  miqration  of 
contaminants  at  a  waste  disposal  area.  Fiqure  6  presents  the  de¬ 
cision  matrix  tor  the  evaluation  of  subsurface  leachate  miqra¬ 
tion  as  a  potential  contaminant  pathway.  This  evaluation  matrix 
reflects  the  complex  interrelationship  between  subsurface  soil 
characteristics,  site  hydroqeoloqy ,  and  qroundwater  characteris¬ 
tics.  An  assessment  of  subsurface  contaminant  miqration  must  in¬ 
corporate  key  decision  variables  reqardinq  the  subsurface  soil 
characteristics  (such  as  soil  permeability)  as  well  as  the  eval¬ 
uation  results  of  surface  infiltration  considerations  (see  Fiq- 
ure  5),  hydroqeoloq ical  conditions  (see  Fiqure  7),  and  qroundwa¬ 
ter  conditions  (see  Fiqure  8).  If  contaminated  leachate  is  qen- 
erated  and  is  capable  of  miqratmq  throuqh  the  subsurface  soils, 
the  key  concern  is  shifted  to  the  potential  contamination  of 
qroundwater.  It  remedial  actions  cannot  minimize  the  miqration 
of  contaminants  and  if  the  wastes  cannot  be  repLaced  in  an  area 
pi  one  to  subsurface  contaminant  miqration,  in-place  closure  of 
these  areas  may  not  be  an  option.  Potential  closure  remedial  ac¬ 
tions  that  can  be  incorporated  include  soil  and  nonsoil  liner 
systems,  qroundwater  diversion  techniques,  qroundwater  flow  ma¬ 
nipulation,  and  further  waste  processinq/treatment. 

2.2.  2.  b  Hydroqeoloqical  conditions.  Consideration  of  the 
site's  nydroqeoloqical  characteristics  is  of  major  importance  to 
an  effective  evaluation  of  potential  in-place  closure  ap¬ 
proaches.  Fiqure  7  represents  a  decision  matrix  that  should  be 
used  by  the  installation  commander  to  assess  the  impacts  of  the 
contaminated  areas  on  bedrock  or  any  other  hydroqeoloqical  con¬ 
ditions  of  concern.  Key  decision  variables  include  whether  or 
not  the  underlyinq  bedrock  is  porous  or  subject  to  solution 
channels  (such  as  with  limestone  Karst  topoqraphy) ,  whether  or 
not  a  usable  aquifer  is  beinq  contaminated  from  hydroqeoloqical 
conditions  of  concern,  and  whether  or  not  an  extensive  confininq 
layer  is  underlyinq  the  site. 

As  seen  in  the  discussion  of  subsurface  soil  characteris¬ 
tics,  the  evaluation  of  nydroqeoloqical  conditions  must  incorpo¬ 
rate  the  results  of  other  contaminant  pathway  evaluations,  which 
include  surface  infiltration  considerations  (see  Fiqure  5)  , 
qroundwater  conditions  (see  Fiqure  8) ,  and  subsurface  soil  char¬ 
acteristics  (see  Fiqure  6)  .  The  use  of  the  appropriate  remedial 
closure  techniques  is  dependent  on  the  specific  hydroqeoloqical 
conditions  of  concern.  If  bedrock  is  hiqhly  porous  and  contami¬ 
nant  miqration  is  prevalent  within  a  bedrock  aquifer,  and  no  re¬ 
medial  action  can  oe  implemented  (mcludinq  waste  removal/re¬ 
placement),  in-place  closure  would  not  be  an  appropriate  option. 
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Some  of  the  remedial  actions  that  may  be  incorporated  include 
the  use  of  soil  or  nonsoil  liners  (to  prevent  leachate  migra¬ 
tion),  qroundwater  diversion  techniques  (to  tie  into  a  confining 
layer  and  prevent  lateral  movement  of  qroundwater) ,  qroundwater 
flow  manipulation,  and  further  waste  or  contaminated  soil  proc¬ 
ess  inq/ treatment • 

2. 2. 2. 6  Groundwater  conditions.  The  contaminant  pathway  of 
ultimate  concern  to  an  in-place  closure  strategy  is  the  qround¬ 
water  flowing  beneath  the  installation.  Groundwater  location, 
flow  characteristics,  and  contamination  potential  represent 
critical  environmental  conditions  that  must  be  addressed.  Fiqure 
8  shows  the  decision  matrix  that  could  be  used  to  evaluate 
qroundwater  contamination  potentials  and  to  assess  the  applica¬ 
tion  of  potential  remedial  actions.  Some  of  the  key  decision 
variables  requirinq  evaluation  include  whether  or  not  the  af¬ 
fected  qroundwater  supply  is  a  sole-source  usable  aquifer, 
whether  or  not  evidence  of  qroundwater  contamination  exists  (in¬ 
dicated  by  on-post  and  off-post  monitoring  of  qroundwater), 
whether  or  not  qroundwater  comes  in  direct  contact  with  the 
wastes  or  contaminated  soils  (as  in  the  case  of  seasonally  fluc¬ 
tuating  qroundwater  elevations) ,  and  whether  or  not  the  depth  to 
qroundwater  are  of  concern.  Incorporation  of  the  evaluation  re¬ 
sults  from  the  infiltration  considerations  and  hydroqeoloq ical 
conditions  is  also  important,  since  they  affect  direct  or  qradu- 
al  miqr  at  ion  of  contaminated  leachate  into  the  qroundwater.  Sim¬ 
ilar  in-place  closure  techniques  can  be  used  to  minimize  qround¬ 
water  contamination  potential  as  discussed  in  reference  to  hy¬ 
droqeoloq  ical  control  measures. 

2.3  Summary  of  in-place  closure  technologies.  This  subsec¬ 
tion  presents  an  overview  of  the  remedial  action  technologies 
for  in-place  closure  of  abandoned  lagoons  and  waste  disposal 
areas.  These  technologies  are  described  as  source  control  reme¬ 
dial  actions  since  they  can  be  applied  at  military  installations 
to  close  out  inactive  waste  sites  while  addressing  the  environ¬ 
mental  concerns  over  the  potential  contamination  of  soil, 
qroundwater,  and  surface-water  supplies.  Each  of  the  potential 
in-place  closure  techniques  is  summarized  herein  and  described 
in  detail  in  Sections  3  throuqh  8.  The  basic  format 
incorporated  for  each  technology  summary  is  as  follows: 

(a)  Technology  description. 

(b)  Applicability/uncertainties. 

(c)  Performance  verification. 

(d)  Economic  considerations. 
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A  lit  let  Uesci  lptton  ot  Lite  technology  is  ptovided  to  tiloiiL  t  - 
ty  the  components  ot  the  remedial  action  as  well  as  the  environ¬ 
mental  qoals  ot  its  application.  Tne  applicability  of  each  clo¬ 
sure  technology  is  assessed  in  terms  ot  its  effectiveness  as  a 
source  control  measure  tor  specific  waste  types  and  site  charac¬ 
teristics.  The  success  of  various  closure  techniques  is  depend¬ 
ent  on  the  waste-specific  and  site-specific  characteristics  of 
the  application,  and  a  discussion  of  tne  limitations  of  applica¬ 
tion  is  important  to  an  evaluation  of  the  remedial  actions. 
Performance  verification  is  included  to  describe  the  methods  ut¬ 
ilized  during  design  and  construction  of  the  remedial  action  to 
confirm  its  effectiveness  as  an  m-place  closure  technique.  A 
discussion  ot  economics  is  included  to  provide  an  overview  of 
the  costs  to  be  anticipated  for  a  particular  closure  technique. 
Approximate  costs  are  provided  as  a  qualitative  benchmark  for 
comparison  of  various  technologies. 

2.3.1  Soil  cap  systems  (Section  3).  Soil  caps  are  applied 
as  in-place  closure  techniques  to  limit  the  infiltration  of  pre¬ 
cipitation  into  the  waste  site,  and  to  provide  containment  of 
the  contaminated  areas.  A  variety  of  closure  techniques  may  be 
incorporated  as  components  of  soil  cap  systems.  Their  applica¬ 
tions  vary,  depending  on  tne  waste  characteristics,  site  condi¬ 
tions,  and  required  closure  objectives.  The  five  soil  cap  system 
techniques,  which  are  discussed  herein,  are  as  follows: 

(a)  Multilayer  cap  systems. 

(b)  Native  soil  covers. 

(c)  boil/ bentonite  admixtures. 

(d)  Geotextile  fabrics. 

(e)  Bio-barrier  systems. 

2. 3.1.1  Multilayer  cap  systems. 

Descr lption  --  The  multilayer  cap  system  represents  an  engi¬ 
neered  solution  for  in-place  closure  of  a  wide  variety  of  aban¬ 
doned  lagoons  and  contaminated  areas.  The  multilayer  cap  pro¬ 
vides  a  hiqh  degree  of  containment  and  infiltration  control 
through  the  application  ot  three  distinct  soil  layers  with  sepa¬ 
rate  closure  functions.  The  description  and  function  of  each  of 
these  layers  follows: 

(a)  Uppersoil  layer  --  A  topsoil  and  native  soil  layer, 
typically  placed  to  a  depth  of  about  12  to  24  inches. 
This  layer  serves  to  support  vegetation,  provide  a 
cover  tor  the  drain  layer,  and  divert  surface  runoff. 
Vegetation  stabilizes  the  cover  system,  protects 
against  water  and  wind  erosion,  and  contributes  to 
evapotranspir ation  moisture  loss. 
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(u)  Middle  drain  layer  --  A  qraded  layer  of  porous  sand  or 
qravel  material  to  act  as  a  flow  zone  and  drainaqe 
medium.  This  zone  of  rapid  permeability  materials  is 
typically  placed  over  the  cap  layer  to  a  depth  of 
aoout  18  inches  and  enhances  the  lateral  movement  of 
percolatinq  water. 

(c )  Cap  layer  --  A  compacted  layer  of  tme-qrained  and  low 
permeability  soils  placed  to  divert  infiltration  that 
has  percolated  throuqh  the  upper  soil  layer.  The  cap 
layer,  typically  placed  to  depths  ot  about  18  to  24 
inches,  incorporates  the  use  of  clays  and  soil  admix¬ 
tures  to  provide  a  surface  seal  over  tne  contaminated 
area . 

Applicability/ uncer  tain ties  --  The  multilayer  soil  cap  sys¬ 
tem  presents  wide  application  to  in-place  closure  ot  abandoned 
laqoons  and  contaminated  waste  disposal  areas.  The  multifunc¬ 
tional  objectives  ot  the  three  layers,  as  well  as  the  use  of 
natural  soil  materials,  promotes  successful  application  to  a  va¬ 
riety  of  closure  situations.  Infiltration  of  percolatinq  rainwa¬ 
ter  into  tne  site  can  be  controlled  oy  appropriate  qradinq, 
placement  of  the  soil  cap  and  drain  layers,  and  reveqetation . 
Designs  ot  multilayer  cap  systems  can  be  adapted  to  various 
s ite-speci t ic  and  waste-specific  applications.  Six  factors 
snould  be  assessed  to  determine  the  applicability  of  multilayer 
soil  cap  systems.  These  are  as  follows: 

(a)  Native  qeoloqical  considerations. 

(b)  Area  climatic  conditions. 

(c )  Chemical  and  pnysical  waste  characteristics. 

Id)  Upper  soil  layer  desiqn  basis. 

(e )  Drain  layer  desiqn  basis. 

(f)  Cap  layer  desiqn  basis. 

Pectormcn.ee  verification  --  To  ensure  the  performance  of  a 
multilayer  soil  cap  system  as  an  infiltration  control  measure, 
verification  steps  should  be  taken  durinq  desiqn  and  implementa¬ 
tion.  Design  considerations  should  include  the  required  thick¬ 
ness  of  tne  low  permeability  cap  layer  and  hiqh  permeability 
drain  layer,  the  desired  slope  of  the  cap  system,  and  the  type 
ot  veqetation  and  surface  runoff  controls.  Implementation  con¬ 
siderations  include  materials  selection  and  testing  as  well  as 
construction  testing  techniques.  Materials  verification  may  in¬ 
clude  soil  classification  for  selecting  appropriate  materials, 
sieve  analysis  of  representative  soil  candidates  to  verify  soil 
type  requirements,  and  liquid  limit  and  plastic  limit  analyses 
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to  determine  the  workability  ot  cap  materials.  Construction  ver¬ 
ification  usually  entails  visual  inspections  of  cap  materials  to 
ensure  suitability,  standardized  compaction  tests  to  provide 
maximum  soil  density  at  optimum  moisture  content,  and  topograph¬ 
ical  surveys  to  ensure  site  worx  qrades  are  appropriate. 

Economic  considerations  --  Placement  of  multilayer  soil  cap 
systems  represents  a  relatively  cost-effective  method  of  accom¬ 
plishing  the  desired  qoals  ot  m-place  closure,  imposed  costs 
are  well  defined,  since  soil  cap  systems  have  widespread  appli¬ 
cation  in  hazardous  waste  management.  These  costs  are  variable. 
However,  since  tne  local  availability  of  required  cap  materials 
is  an  important  cost  consideration.  In  general,  the  cost  range 
tor  placement  ot  soil  cap  systems  is  approximately  $75,000  to 
$125,000  per  acre  of  cap  area.  Some  ot  the  specific  cost  factors 
for  multilayer  soil  cap  systems  are  as  follows: 

(a)  Site  preparation,  which  may  include  cut-and-fill  and 
rouqn  grading  activities,  to  develop  the  required 
site  qrades  at  approximately  $1  to  $2  per  cubic  yard 
tor  excavation,  hauling,  and  placement  of  soils,  and 
$1.50  to  $2.50  pet  cuoic  yard  tor  qradinq  site  work. 

(d )  Purchase  and  delivery  of  locally  available  cap  layer 
materials  at  approximately  $3  to  $8  per  cubic  yard  ot 
clean  fill  and  topsoil  and  $5  to  $20  per  cubic  yard 
for  native  clays  and  aggregate  stone,  with  placement 
costs  of  $2  to  $4  per  cubic  yard  of  material. 

(c)  Reveqetation  of  cap  system,  including  mulch,  fertiliz¬ 
er,  lime,  and  seed  at  approximately  $5,000  per  acre 
ot  area. 

2. 3.1.2  Native  soil  covers. 

Descr lption  --  Native  soil  covers  represent  sinqle-layer 
caps  that  are  spread  and  compacted  over  abandoned  laqoon  areas 
as  part  ot  in-place  closure  strategies.  In  climates  where  evapo¬ 
ration  rates  are  greater  than  precipitation,  in  locations  where 
low  permeability  native  soils  are  readily  available,  and  in  sit¬ 
uations  with  minimal  contaminant  migration  potential,  the  use  of 
a  multilayer  cap  system  may  not  oe  necessary,  in  these  situa¬ 
tions,  the  placement  ot  a  native  soil  layer  may  provide  the  ade¬ 
quate  capping  requirements. 
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Applicaoility/uncer  tain  ties  --  smqle-layer  native  soil  cov¬ 
ers  simply  provide  a  physical  barrier  aqainst  human  contact  with 
the  contaminated  area  and  provide  a  mechanism  for  improved  sur¬ 
face  runoff.  Beyond  the  evapotranspiration  and  surface  manaqe- 
ment  controls  achieved  throuqh  reqrading,  placement  of  a  native 
son  cover,  and  reveqetation ,  only  slight  reductions  in  the  rate 
ot  suosurface  infiltration  are  qamed.  The  level  of  subsurface 
environmental  control  achieved  through  native  soil  capping  is 
not  as  qreat  as  that  of  a  multilayer  cap  system. 

Native  soil  covers  should  only  be  considered  when  complete 
waste  isolation  is  not  required  and  a  significant  reduction  in 
site  infiltration  is  not  a  primary  concern.  In  dry  climates 
where  evaporation  is  greater  than  annual  rainfall,  the  amount  of 
infiltration  is  generally  not  a  major  concern  and  infiltration 
controls  would  only  apply  on  a  seasonal  or  storm  event  basis. 
Nonleachable  waste  areas  can  be  appropriately  closed  with  native 
soil  covers.  Subsurface  percolation  can  pass  throuqh  the  insolu¬ 
ble  waste,  but  little  or  no  contaminated  leachate  would  be  gen¬ 
erated.  In  the  situation  where  waste  processing  or  solidifica¬ 
tion  is  incorporated  into  a  waste  containment  strategy,  native 
soil  covers  may  be  a  satisfactory  cappinq  approach. 

Performance  verification  --  Designs  of  native  soil  covers 
should  consider  soil  layer  thickness  and  soil  type.  Cover  soil 
thickness  should  be  adequate  to  protect  the  cover  integrity  from 
frost  damage  and  should  be  capable  of  supporting  vegetation. 
Proper  selection  of  veqetation  for  shallow  root  penetration 
snould  be  a  part  of  the  native  soil  cover  design.  During  the  se¬ 
lection  of  cover  materials,  consideration  should  be  given  to  the 
specific  application  of  the  native  soil  cover.  If  infiltration 
reduction  is  not  a  primary  objective,  then  the  native  soil  cover 
will  oe  serving  more  as  a  physical  barrier  over  the  contaminated 
area  and  a  medium  tor  veqetative  growth.  This  objective  could  be 
met  by  a  clean  soil  till  material.  If  infiltration  reduction  is 
a  primary  objective,  the  native  soil  cover  will  more  closely  re¬ 
semble  a  clayey  soil  material.  In  both  cases  a  topsoil  layer  may 
be  recommended  to  help  establish  veqetative  growth.  The  same 
implementation  and  construction  verification  techniques  would  be 
required  for  native  soil  covers  as  those  described  for  the  mult¬ 
ilayer  soil  cap  system. 

Economic  considerations  --  Placement  of  a  single  layer  na¬ 
tive  soil  cover  would  entail  the  same  basic  construction  activi¬ 
ties  as  the  multilayer  soil  cap  system,  and  the  imposed  cost 
factors  would  be  the  same  for  material  purchase,  delivery,  and 
placement. 
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2.  3.1.3  Soil/ bentonite  admixtures, 

Descr lption  --  A  low  permeability  soil/bentonite  admixture 
represents  an  appropriate  component  of  an  in-place  closure  or 
containment  strategy.  Soil/bentonite  admixtures  can  be  placed  as 
the  cap  layer  in  the  multilayer  cap  system  or  as  a  single  layer 
cover  system.  These  admixtures  incorporate  a  combination  of  nat¬ 
ural  and  processed  bentonite  and  can  replace  natural  low  permea¬ 
bility  clay  soils,  wnen  adequate  native  soil  deposits  are  not 
available  or  cannot  be  used  in  a  cost-effective  manner.  Dry  pow¬ 
der  or  pellet  bentonite  is  placed  and  admixed  with  the  site 
soils,  and  the  mixture  is  uniformly  spread  and  compacted.  Once 
nyarated ,  the  bentonite  swells  to  till  the  void  spaces  within 
the  soil  layer,  and  the  resulting  admixture  achieves  a  hiqh  de¬ 
gree  ot  infiltration  control. 

Applicability/ uncertain ties  --  Bentonite  admixtures  present 
a  wide  application  to  hazardous  waste  management  where  native 
clay  soils  are  appropriate.  Bentonite  contains  practically  the 
same  chemical  constituents  as  other  clay  substances,  but  its 
unique  molecular  structure  accounts  tor  its  ability  to  adsorb 
many  times  its  own  weight  in  water.  Bentonites  swell  signifi¬ 
cantly  in  the  process,  with  increases  at  tull  saturation  ranging 
up  to  15  times  their  original  dry  bulk.  This  swelling  character¬ 
istic  may  create  problems  in  contaminated  waste  areas.  In  the 
presence  ot  certain  chemicals,  natural  bentonites  may  undergo 
significant  shrinkage  characteristics,  with  adsorbed  intersti¬ 
tial  water  being  driven  from  the  expanded  soils.  This  has  the 
net  adverse  effect  of  actually  increasing  the  permeability  of 
the  admixture.  To  counteract  tnis  physical  and  chemical  phenome¬ 
non,  processed  bentonites  have  been  marketed  with  certain  addi¬ 
tives  to  reduce  the  potential  for  chemical  attack  tor  soil/ben- 
tonite  applications  with  contaminated  wastes. 

Performance  verification  --  Design  verification  as  well  as 
construction  verification  techniques  represent  important  compo¬ 
nents  of  evaluating  the  effectiveness  of  soil/bentonite  admix¬ 
tures.  Selection  of  the  bentonite  admixture  should  include  an 
evaluation  of  waste  characteristics  and  materials  compatibility, 
site-specific  geotechnical  characteristics,  and  required  bento¬ 
nite  application  rates.  When  looking  at  compatibility,  consider¬ 
ation  should  be  given  to  selection  of  either  native  bentonites 
or  contaminant-resistant  bentonites  (for  hazardous  waste  appli¬ 
cations).  Geotechnical  assessments  should  include  performance  ot 
standardized  soil  testing  methods,  such  as  soil  type,  porosity 
and  void  ratio,  soil  graduation  and  pore  size  distribution, 
moisture  content,  and  Atteroerg  indices.  Bentonite  application 
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cates  are  dependent  on  the  admixmq  soil  types  and  the  deqree  of 
desired  infiltration  control.  Admixture  desiqns  are  qenerally 
referenced  in  pounds  of  oentonite  applied  per  square  foot  of 
soil  (typically  2  to  10  pounds  per  square  foot),  and  verifica¬ 
tion  typically  entails  materials  quantity  estimates  and  mixture 
depths  (depth  ranqe  of  6  to  24  inches) .  Bench-scale  tests  should 
be  performed  to  verify  application  rates  and  confirm  compatibil¬ 
ity  issues. 

Verification  of  bentonite  admixture  placement  qenerally  in¬ 
volves  construction  techniques  used  in  earthmovinq  activities 
and  roadbed  construction.  Subqrade  soil  preparation  must  be  per¬ 
formed  and  a  decision  about  the  bentonite  placement  method 
snould  be  made.  Soil/bentonite  admixinq  may  be  accomplished 
throuqh  either  manual  or  mechanical  methods.  Manual  placement 
and  admixinq  procedures  were  utilized  durinq  the  early  soil/ ben¬ 
tonite  applications.  As  construction  techniques  have  expanded, 
mechanical  spreadinq  and  discinq  techniques  have  been  incorpo¬ 
rated  to  enhance  process  control.  The  qreatest  level  of  quality 
control  can  be  achieved  throuqh  bulk  admixinq  of  the  soil  and 
bentonite  in  a  puqmill  or  equivalent  equipment  type,  and  mechan¬ 
ical  placement  of  tne  admixture  layer  usinq  an  asphalt  paver  or 
equivalent  equipment  type. 

Economic  considerations  --  Bentonite  admixtures  are  typical¬ 
ly  used  in  place  of  native  soils  as  an  lmpermeaole  cap  material. 
While  they  provide  a  more  homoqenous  and  lower  permeability  cap 
layer  than  ordinary  clay  materials,  the  costs  of  bentonite  ad¬ 
mixtures  are  typically  hiqher  ,  unless  native  clays  are  not  lo¬ 
cally  available.  Clean  till  (usually  silty  sands)  are  admixed 
with  imported  bentonite.  Powdered  bentonite  purchase  and  deliv¬ 
ery  costs  are  typically  $225  to  $275  per  ton,  with  bentonite  ap¬ 
plication  rates  ranqinq  Detween  4  and  10  pounds  of  bentonite  per 
square  foot  ot  cappinq  surface.  Includinq  material  purchase  and 
delivery,  as  well  as  admixinq  and  placement  activities,  the  cost 
ot  a  benton ite/soil  admixture  as  an  lmpermeaole  layer  is  typi¬ 
cally  approximately  $90,000  to  $110,000  per  acre  of  cap  area. 

2. 3.1.4  Geotextile  fabrics. 

Descr iption  --  Synthetic  fabrics  have  been  used  in  construc¬ 
tion  for  reinforcement,  separation  of  materials,  erosion  control 
systems,  and  flexible  forms.  Tnese  construction  applications 
place  specific  emphasis  on  improvement  of  subqrade  conditions 
common  to  heavy  construction  and  qeotechnical  enqineerinq  prob¬ 
lems.  Geotextile  fabrics  incorporate  synthetic  materials  (typi¬ 
cally  nylon,  polyester,  and  polypropylene)  m  the  production  of 
either  woven  or  nonwoven  mats. 


Applicability/ uncertain ties  --  Various  tabrics  are  currently 
available  for  application  in  many  in-place  closure  situations. 
Each  exhibits  varying  physical,  mechanical,  and  hydraulic  prop¬ 
erties,  as  well  as  the  characteristics  of  endurance  and  waste 
compatibility.  Geotextile  fabrics  are  rapidly  becominq  common¬ 
place  in  the  construction  industry.  The  number  and  type  of  ap¬ 
propriate  applications  are  continually  expanding  because  of  ris¬ 
ing  labor  costs  and  increasing  proDleras  with  locally  available 
soil  materials.  Construction  geotextile  fabrics  may  be  applied 
to  serve  the  following  basic  functions  for  a  waste  containment 
str ateqy: 

(a)  Separation. 

(b)  Reinforcement. 

(c)  Drainage. 

(d)  Erosion  control. 

Separation  qeotextile  fabrics  can  be  placed  between  dissimi¬ 
lar  soil  material  layers  to  reduce  the  effects  of  settlement, 
frost  action,  and  roadbed  deterioration,  and  may  enhance  sub- 
grade  soil  permeability  and  strength  characteristics.  Reinforc- 
inq  geotextiles  have  been  used  successfully  in  situations  of 
poor  to  marginal  soil  stability  characteristics,  and  can  be  ap¬ 
plied  to  enhance  the  load-bearing  capacity  of  soil  subgrades. 

Drainaqe  qeotextile  fabrics  can  be  installed  to  replace  sand 
or  gravel  flow  zone  layers  and  enhance  in-place  permeability  (as 
in  a  multilayer  cap  system)  ,  and  may  be  used  in  place  of  soil 
filters  to  prevent  the  migration  of  soil  fines  and  the  cloqqinq 
of  drain  layers.  Construction  qeotextiles  may  also  be  placed  to 
control  surface  and  subsurface  soil  erosion,  since  they  can  be 
placed  beneath  a  stone  layer,  gabion  blanket,  or  riprap  layer  to 
protect  embankment  side  slopes.  The  predominant  uncertainty  with 
qeotextile  fabrics  lies  in  the  assessment  of  a  particular  fabric 
material  for  a  specific  geotechnical  application.  Strength  char¬ 
acteristics  and  waste  compatibility  considerations  may  prohibit 
qeotextile  applications  in  certain  situations. 

Performance  verification  --  The  first  step  in  performance 
verification  lies  in  the  assessment  of  site-specific  geotechni¬ 
cal  conditions  and  potential  fabric  applications  to  match  the 
appropriate  fabric  with  its  desiqn  application.  Desiqn  methodol¬ 
ogies  are  available  to  evaluate  subgrade  stability  (calculation 
of  radial  stress  for  load-bearing  stability  improvements),  sub¬ 
grade  drainage  applications,  and  erosion  control  applications. 


Laboratory  testinq  results  are  typically  used  to  verify  the  per¬ 
formance  of  qeotextile  fabrics  for  specific  properties.  Some  of 
tnese  laDoratory  testinq  procedures  are  as  follows: 

(a)  Weiqht  (physical  property) . 

(b)  Thickness  (physical). 

(c)  Compressibility  (physical) . 

(d)  Tensile  strenqth  (mechanical  property). 

(e)  Elonqation  (mechanical)  . 

(f)  Creep  behavior  (mechanical). 

(q)  Abrasion  resistance  (mechanical) . 

(h)  Porosity  (hydraulic  property). 

(i)  Water  permeability  (hydraulic). 

( j )  Planar  water  flow  (nydraulic). 

(k)  Soil  retention/pipinq  resistance  (hydraulic) . 

(l)  Chemical  resistance  (endurance  property). 

(m)  Weather/ultraviolet  resistance  (endurance) . 

(n )  Temperature  resistance  (endurance). 

(o)  Burial  deterioration  (endurance) . 

The  final  performance  verification  steps  consist  of  con¬ 
struction  and  fabric  placement  approaches.  Subqrade  stability 
steps,  such  as  surface  rollinq,  compaction,  and  removal  of  de¬ 
bris,  must  precede  placement  ot  the  qeotextile.  Placement  of  the 
fabric  can  be  accomplished  manually  or  by  mechanical  rollers. 
Most  fabric  applications  do  not  require  seaminq  techniques,  and 
overlappinq  adjacent  fabrics  may  be  sufficient.  In  some  stabili¬ 
ty  improvement  applications,  however,  tensile  strenqth  is  of 
critical  concern  and  sewn  seams  are  necessary.  In  these  cases, 
seam  strenqth  tests  should  be  applied  to  ensure  adequate  seam 
performance. 

Economic  considerations  --  Geotextile  fabrics  are  not  expen¬ 
sive  and  represent  a  cost-effective  addition  to  a  multilayer  cap 
system  or  for  use  in  other  in-place  closure  actions.  Fabrics  of 
various  materials,  weiqhts,  and  thicknesses  are  available  at  ap¬ 
proximately  the  same  unit  costs.  These  costs  run  typically  be¬ 
tween  $0.08  and  $0.20  per  square  feet  of  fabric  for  purchase, 
and  between  $0.03  and  $0.06  per  square  foot  tor  placement  and 
seaminq  techniques.  In  many  applications,  use  of  qeotextiles  may 
actually  preclude  the  use  of  more  expensive  fill  and  aqqreqate 
materials . 
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z.3.1.i>  Bio-barrxer  systems. 

Descr  iption  --  Bio-oarner  systems  represent  an  emerqinq 
technoloqy  for  the  control  of  plant  root  growth  and  burrowinq 
animals.  One  concern  reqardinq  the  lonq-term  inteqrity  of  cap 
systems  for  use  under  an  in-place  containment  strateqy  is  the 
potential  intrusion  of  plant  roots  and  burrowinq  animals  into 
the  cover  soils.  The  useful  life  of  cap  materials  may  be  subject 
to  a  number  of  physical,  chemical,  and  bioloqical  factors.  Plant 
and  animal  breach inq  of  the  cap  materials  may  lead  to  increased 
infiltration  and  a  decline  in  the  overall  efficiency  of  the  cap 
system  for  minimizinq  infiltration.  Furthermore,  burrowinq  ani¬ 
mals  in  western  states  have  been  known  to  excavate  larqe  areas 
for  habitation  in  soft  clay  soils,  and  may  carry  waste  materials 
to  the  surface  of  the  site.  Physical  and  chemical  bio-barrier 
systems  have  been  studied  for  application  in  waste  containment, 
specifically  in  the  lonq-term  containment  of  uranium  mill  tail- 
inqs . 

Applicability/ uncertainties  —  Development  of  bio-barriers 
has  not  reached  the  wide-scale  implementation  staqe  at  present, 
but  laboratory  test  results  indicate  favorable  potential  appli¬ 
cations  in  waste  management.  Some  laboratory  and  field  experi¬ 
ence  has  been  qained  in  the  use  of  stable  polymeric  carrier/de- 
livery  systems  (PCD)  to  limit  the  potential  intrusion  of  plant 
roots.  A  PCD  system  should  be  desiqned  to  release  the  biocide 
into  the  soil  for  an  extended  period  of  time,  select  a  biocide 
that  is  compatible  with  the  vegetative  cover,  and  maintain  ap¬ 
propriate  biocide  concentrations  to  limit  root  growth  only  in 
the  prescrioed  soil  zones.  In  addition  to  root  biocides  other 
Dio-barrier  systems  are  currently  under  investigation.  Potential 
bio-barriers  may  include,  Dut  not  be  limited  to,  the  following 
mater ials: 

(a)  Crushed  rock  or  aggregate  layers. 

(b)  Asphalt  emulsion  layers. 

(c)  Multilayer  combinations  of  pea  gravel,  rock  clay  mix, 

sand,  or  asphalt  emulsion. 

(d)  Geotextile  fabrics,  reinforced  fabrics,  geotextile 

mesh . 

Performance  verification  --  Since  the  use  of  bio-barrier 
systems  has  not  reached  widespread  application,  no  emphasis  to 
date  has  been  placed  on  performance  verification.  Laboratory 
work  is  addressing  predominantly  time -control led  release  herbi¬ 
cides  and  inert  animal  intrusion  control  measures. 
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Economic  considerations  --  No  information  is  available  to 
date  reqardinq  application  costs  for  bio-barner  systems.  Main¬ 
tenance  costs,  however,  should  be  minimal  since  these  controls 
are  passive  in  nature  (requirinq  no  monitorinq  or  upkeep)  and 
represent  one-time  expenditures  durinq  the  construction  of  the 
cap  system. 

2.3.2  Nonsoil  caps  and  liners  (Section  4).  In-place  closure 
and  containment  may  be  acnieved  throuqh  the  use  of  impermeaDle 
nonsoil  caps  ana  liners.  Surface  caps  may  be  used  to  contain 
waste  materials  and  reduce  tne  potential  for  leachate  qenera- 
tion,  while  impermeable  liners  may  be  used  as  a  boundary  to  con¬ 
tain  wastes  and  stop  the  miqration  of  pollutants  into  the  sub¬ 
surface  soils.  This  subsection  outlines  the  two  basic  technolo- 
qies  available  tor  use  as  nonsoil  caps  and  liners,  i.e.,  as- 
pna It/ concrete  materials  and  synthetic  polymer  membranes. 

2. 3. 2.1  Synthetic  polymer  membranes. 

Descr iption  --  Flexible  synthetic  membranes  represent  an  ef¬ 
fective  overall  technoloqy  for  the  containment  of  abandoned 
waste  laqoons  because  they  can  provide  an  infiltration  control 
boundary  of  very  low  permeability.  These  synthetic  membranes 
are  products  of  the  plastics  and  rubber  industries.  The  polymer¬ 
ic  materials  used  in  the  manufacture  of  these  covers  and  liners 
include  vulcanizable  and  nonvulcamzable  thermoplastics,  plas¬ 
tics,  and  rubbers.  They  are  all  synthetic  materials,  varyinq 
from  hiqhly  polar  polymers,  such  as  polyvinyl  chloride  (PVC) ,  to 
nonpolar  polymers,  such  as  EPDM  and  butyl.  They  ranqe  from  amor¬ 
phous  polymers,  such  as  the  rubbers,  to  crystalline  polymers, 
such  as  polyethylene.  Generally,  polymeric  materials  are  com¬ 
pounded  with  fillers,  antideqradants,  plasticizers,  and  cura¬ 
tives  if  vulcanization  is  needed.  Compounds  based  on  the  same 
polymer  can  vary  considerably  in  composition  from  manufacturer 
to  manufacturer,  dependinq  on  the  qrade  and  the  price  of  the  ma¬ 
ter  ial . 

Applicability/ uncertain ties  --  Syntnetic  membranes  can  be 
used  as  the  impermeable  cap  witnin  a  multilayer  cover  system,  or 
can  form  tne  basis  of  an  impermeable  liner  at  the  base  of  a 
waste  laqoon  or  landfill  disposal  area.  Their  applications  are 
wide  and  varied,  however,  in  qeneral,  synthetic  covers  and  lin¬ 
ers  are  susceptible  to  the  same  types  of  ionq -term  failure  mech¬ 
anisms  as  asphalts  and  concrete.  In  addition,  synthetic  mem¬ 
branes  are  prone  to  punctures  due  to  root  penetration  and  damaqe 
durinq  placement.  Severe  puncture  damaqe  can  result  in  tne  es¬ 
cape  of  pollutants,  and  surface-water  infiltration.  Synthetic 
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membranes  are  also  prone  to  microDial  attack,  which,  in  the  con¬ 
text  of  a  permanent  closure  plan,  becomes  a  siqnificant  consid¬ 
eration. 

Performance  verification  --  Careful  evaluation  of  the  pro¬ 
posed  application  for  a  synthetic  polymer  membrane  should  rep¬ 
resent  the  initial  aspect  of  performance  verification.  Selection 
of  candidate  material  types  and  thicknesses  should  be  based  on  a 
detailed  knowledqe  of  the  waste  characteristics  to  be  contained, 
as  well  as  the  purpose  of  the  application.  Some  of  these  desiqn 
considerations  are  as  follows: 

(a)  Compatibility  with  laqoon  wastes  and  volatiles/qases 

produced . 

(b)  Ability  to  impede  percolation  (cap)  or  contain  leachate 

(liner) . 

(c)  Crack  resistance. 

(d)  Resistance  to  bioloqical  deqradation. 

(e)  Ease  of  construction. 

(f)  Seaminq  and  seam  inteqrity  inspection  techniques. 

Once  a  material  has  been  selected,  performance  verification 
is  shifted  to  construction  and  post -closure  monitorinq,  where 
the  key  objective  is  leak  detection.  Durinq  construction,  nonde¬ 
structive  and  destructive  tests  for  tensile  stress  can  be  ap¬ 
plied  to  verify  seam  inteqrity.  In  addition  standardized  earth- 
movinq  techniques  such  as  visual  inspections  and  compaction 
tests  should  be  applied  to  ensure  subqrade  stability  prior  to 
placement  ot  the  cap  or  liner  material.  Leak  detection  after 
closure  has  been  classically  accomplished  throuqh  qroundwater 
monitorinq  of  contaminant  concentrations.  Elevated  downqradient 
qroundwater  contamination  reflects  the  presence  of  a  liner  leak, 
but  the  hazardous  materials  must  reach  the  qroundwater  at  the 
monitorinq  well. 

At  present,  there  are  no  proven  methods  that  can  determine 
the  source  of  a  leak  in  a  liner  material  before  contaminants 
reach  the  qroundwater.  Various  innovative  and  emerqinq  technolo- 
qies  are  now  beinq  developed  to  assess  the  lonq -term  effective¬ 
ness  of  impermeable  boundaries,  such  as  synthetic  polymer  mem¬ 
branes.  It  should  be  noted  that  these  techniques  have  not  been 
applied  at  exist inq  land  disposal  areas,  but  research  activities 
indicate  qood  promise  for  future  application.  Two  qeneral  ap¬ 
proaches  to  leak  detection  are  beinq  addressed:  construction  of 
a  subliner  monitorinq  system  durinq  placement  of  the  landfill 
and  post-closure  leak  detection  techniques.  One  such  subliner 
technique  includes  the  direct  current  (dc)  qrid  system,  where 
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electrical  wires  are  laid  in  a  cross-qrid  pattern  under  the 
liners,  and  corroded  wires  (broken  dc  circuit)  detect  liner 
failures  and  leaks.  The  other  subliner  technique,  time-domain 
ref lectometry  (TDR) ,  incorporates  wide  frequency  electrical 
transmissions  alonq  a  parallel-q r id  of  wires  beneath  the  liner. 
Liquids  and  leak  materials  from  waste  impoundments  will  exhibit 
different  electrical  properties  than  the  native  soils,  and  TDR 
techniques  will  detect  any  electrical  property  variations. 

Leak  detection  after  closure  of  existinq  impoundments  and 
laqoons  requires  a  different  type  of  performance  verification 
technique,  one  which  would  be  incorporated  from  a  location  be¬ 
yond  the  laqoon.  Qie  such  method,  the  neutron  soil-moisture  me¬ 
ter,  can  be  used  to  detect  increases  in  soil  moisture  content 
(i.e.,  liner  or  cap  system  leaks)  tnrouqh  the  emission  and  de¬ 
tection  of  hiqh  enerqy  neutrons.  These  neutrons  are  scattered 
throuqh  the  soil,  and  the  density  of  detected  neutrons  (recorded 
in  counts  per  unit  time)  reflects  any  chanqes  in  soil  moisture 
content  and  the  extent  of  the  leak.  Another  post -closure  tech¬ 
nique  beinq  investiqated  includes  acoustic  emissions  monitorinq 
(ABM)  ,  which  is  a  well-established  technique  for  evaluatinq 
stresses  in  rocks  and  metals  and  for  measurinq  turbulent  flow 
throuqh  earth  dams.  Microphones  can  be  placed  in  adjacent  soils, 
and  the  acoustic  emissions  of  water  movinq  throuqh  the  soils  can 
be  detected,  locatinq  the  liner  failure  and  potential  leak.  The 
final  post-closure  leak  detection  technique  incorporates  basic 
electrical  theory  of  voltaqe,  current  flow,  and  plottinq  of 
equipotential  lines.  The  liner  is  approached  as  an  electrical 
insulator,  and  current  is  provided  to  the  liquid  waste  impound¬ 
ment.  The  current  flow  is  traced,  and  where  a  leak  exists,  the 
current  flow  pattern  is  altered  alonq  the  leak  path.  Throuqh  se¬ 
lection  of  multiple  startinq  points  above  the  laqoon  and  compu¬ 
ter  plottinq  of  the  resultmq  equipotential  lines,  tr ianqulation 
upon  cne  actual  leak  location  is  possible.  Once  leaks  are  iden¬ 
tified,  no  practical  solutions  to  liner  retrofittmq  are  availa¬ 
ble,  and  tne  current  solutions  involve  waste  removal,  treatment, 
reburial,  or  offsite  disposal. 

Economic  considerations  --  Polymer  membranes  are  available 
m  various  materials  and  thicKnesses,  and  costs  are  variable, 
depend inq  on  the  desiqn  applications.  The  followinq  represents  a 
list  of  synthetic  membrane  costs  for  liners  and  caps,  includinq 
purchase  and  installation: 

(a)  PVC  (20  mil  thickness)  at  $1  to  $2  per  square  yard. 

(b)  Chlorinated  PE  (20  mil)  at  32  to  $3  per  square  yard. 

(c)  Elasticized  polyolefin  at  $3  to  $4  per  square  yard. 
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(d }  Hypalon  (30  mii)  at  $7  per  square  yard. 

(e)  Neoprene  at  $5  per  square  yard. 

(£)  Ethylene  propylene  ruboer  at  $3  to  $4  per  square  yard. 

(q)  Butyl  rubber  at  $3  to  $4  per  square  yard. 

2.  3.  2.  2  Asphalt/ concrete  materials. 

Descr iption  --  Solidified  caps  and  liners  may  incorporate 
the  use  of  asphalt  emulsions,  asphaltic  concretes,  and  concrete 
mixes  for  impermeable  layers  as  part  of  a  waste  containment 
strateqy.  Asphalt  emulsions  can  De  used  to  construct  caps  and 
liners  by  sprayinq  a  prepared  soil  surface  with  liquid  asphalt, 
which  then  solidifies  to  form  a  continuous,  low  permeability 
membrane.  Asphaltic  concretes  are  also  available  as  water  proof - 
mq  and  caulkinq  aqents,  and  can  oe  applied  to  form  watertiqht 
layers.  Concrete  mixtures  can  oe  applied  as  a  solid  cover  mate¬ 
rial,  but  inherent  discontinuities  make  it  difficult  to  create 
an  impermeaDle  layer . 

Applicability/ uncer taint les  --  while  asphalts  and  concretes 
have  been  used  successfully  to  provide  a  seepaqe  barrier  and  for 
waterproof inq,  widespread  application  to  hazardous  waste  manage- 
ment  is  not  recommended.  Care  must  be  taken  in  the  selection  of 
an  appropriate  application.  Recent  use  of  asphalt  materials  for 
containment  has  shown  that  while  asphalt  is  resistant  to  weak 
acids,  bases,  inorqanic  salts,  and  corrosive  qases,  they  gener- 
ally  are  not  resistant  to  organic  solvents.  Sun  aqinq,  creep 
tendencies,  and  subqrade  movements  may  also  reduce  the  effec¬ 
tiveness  of  asphalt  covers  and  liners.  Asphalt  concrete  cover 
and  liner  systems  may  be  subject  to  penetration  by  weeds,  since 
the  concrete  discontinuities  can  serve  as  a  growing  medium.  Con¬ 
crete  exnibits  other  concerns  when  used  alone  in  hazardous  waste 
applications.  Concrete  cannot  be  placed  in  the  field  to  provide 
an  impermeable  boundary,  since  required  construction  joints 
present  leakage  problems.  In  addition,  concrete  is  susceptible 
to  crackinq,  and  subgrade  stability  is  a  major  concern. 

Performance  verification  --  It  is  difficult  to  ensure  the 
performance  of  solid  caps  as  impermeable  layers.  A  good  under¬ 
standing  of  waste  and  site-specific  characteristics  is  a  key  el¬ 
ement  in  the  desiqn  of  these  systems.  During  construction,  it  is 
difficult  to  ensure  complete  cover  through  asphalt  spraying  due 
to  small  protuberances  that  receive  only  partial  cover.  Sprayed- 
on  liners  and  caps  can  be  placed  seam  free,  but  constructing 
them  "pinhole"  free  poses  serious  problems  in  the  field.  Ourinq 
placement  of  asphaltic  concrete  layers,  it  is  difficult  to  con¬ 
trol  parameters  such  as  mixing  temperatures,  spreading  time, 
time  laps  between  spreading  and  compaction  efforts,  and  compact¬ 
ing  effectiveness. 
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tcononuc  considerations  --  Solid  caps  are  relatively  expen¬ 
sive  to  purchase  and  place.  Some  typical  costs  for  the  potential 
application  of  asphalt  and  concrete  covers  follows: 

(a)  Cement  concrete  (mixed,  spread,  and  compacted  for  a  4- 
to  6-inch  layer}  at  $b  to  $10  per  square  yard. 

(D)  Asphaltic  concrete  (4-  to  6-mch  layer)  at  $3  to  $5  per 
square  yard. 

(c )  Sprayed  asphalt  membrane  (1/4-inch  layer,  including 
solid  cover)  at  $2  to  $3  per  square  yard. 

2.3.3  Surface-water  management  (Section  5).  Surface-water 
management  techniques  may  be  applied  to  in-situ  lagoon  closure 
plans  to  help  provide  long-term  stability  at  a  closure  site. 
Surface-water  diversion  is  rarely,  if  ever,  the  only  remedial 
measure  taken  at  a  lagoon  site.  Normally,  surface-water  control 
is  used  in  conjunction  witn  other  remedial  measures  such  as  sur¬ 
face  sealing,  groundwater  management,  and/or  waste  treatment,  in 
an  integrated  closure  plan.  The  primary  objective  of  diversion 
is  to  nydr olog ically  isolate  a  closed  laqoon  from  surface-water 
inputs,  and  thereby  reduce  the  potential  for  leachate  generation 
and  damage  to  other  engineering  control  measures  such  as  erosion 
of  cover  materials. 

2.3.  3.1  Surface  grading/diversions. 

Descr  iption  --  Gradinq  is  a  broad  term  used  to  describe 
tecnniques  commonly  used  in  the  construction  industry  to  reshape 
existing  land  surfaces.  Grading  can  be  used  during  site  closure 
as  a  surface-water  runoff  and  erosion  control  measure.  Excava¬ 
tion,  hauling,  spreading,  and  soil  compaction  are  the  major  ele¬ 
ments  of  a  complete  gradinq  operation.  Heavy  construction  equip¬ 
ment  is  required  for  these  operations.  Surface  diversions  are 
drainaqeways  that  are  constructed  along  the  contours  of  qraded 
slopes  to  intercept  and  convey  runoff  away  from  the  disposal 
area . 


Applicability/uncer taint les  --  Surface  grading  and  diversion 
structures  can  be  applied  as  part  of  any  in-place  closure/con- 
tainment  strategy.  The  overall  objectives  of  grading  are  appli¬ 
cable  to  any  abandoned  waste  laqoon  area.  These  include  the  con¬ 
trol  of  surface  runoff  while  minimizing  soil  erosion,  and  the 
use  of  diversion  ditches  to  control  the  movement  of  collected 
runoff  at  nonerosive  velocities.  In  some  applications  where  dis¬ 
posal  lagoons  are  at  low-lymq  elevations,  qradmg  and  surface 
diversion  techniques  are  incorporated  to  direct  surface  water 
away  from  higher  elevated  surrounding  areas  (i.e.,  diversion  of 
r unon) . 
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Sur tace-watec  manaqement  tecrmoloqies  snould  oe  desiqned  on 
a  site-specxf ic  basis  considennq  local  environmental  conditions 
and  potential  land  use  considerations.  Tne  surtace  manaqement 
measures  must  be  compatiole  with  the  other  enqineennq  control 
techniques  to  be  implemented  under  the  remedial  action  proqram. 
Tne  followinq  factors  should  oe  considered  when  assessmq  the 
potential  application  of  surface-water  manaqement: 

(a)  Final  site  topoqraphy  and  qradmq  plan. 

(b)  Overall  drainaqe  plan  for  the  site  and  surroundinq 

area . 

(c)  Final  cover  system. 

(a)  Site  access. 

(e  )  Final  site  use. 

Performance  verification  --  Environmental  performance  veri¬ 
fication  of  surface-water  diversion  structures  consists  primari¬ 
ly  of  the  followinq  measures: 

(a)  Quality  control/construction  manaqement. 

(b)  Post-construction  inspections. 

Quality  control/construction  manaqement  is  necessary  to  en¬ 
sure  that  all  desiqn  specifications  are  met  durmq  construction 
of  diversion  structures.  Typical  elements  of  a  quality  control 
proqram  include  site  surveyinq,  soil  testinq,  and  visual  inspec¬ 
tions.  All  surfaces  should  be  checked  for  proper  compaction  and 
accurate  qrade  levels.  Cement  and  asphalt,  if  used,  must  be 
poured/constructed  accordinq  to  desiqn  specifications.  Subqrades 
must  oe  inspected  for  stability,  and  all  construction  materials 
must  be  checked  to  ensure  that  they  conform  to  desiqn  specifica¬ 
tions.  Post-construction  inspection  of  surface-water  diversion 
structures  consists  primarily  of  periodic  visual  inspections. 
Any  cracks,  erosion  damaqe,  or  malfunctions  should  b_  noted  and 
corrected.  Periodic  maintenance  should  be  performed  as  neces¬ 
sary. 

Economic  considerations  --  To  evaluate  the  potentia  osts 
of  implementinq  surface-water  controls,  material  quantity  a 
mates  must  oe  made  for  soil  excavation,  qradinq  work,  and  s 
purchase  quantities.  In  qeneral,  the  followinq  ranqe  of  uni 
costs  may  apply: 

(a)  Onsite  excavation,  haulinq,  placement,  and  compaction 

of  soils  at  $1.00  to  $2.00  per  cubic  yard. 

(b)  Gradinq  site  work  at  $1.50  to  $2.50  per  cubic  yard. 
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(c)  Purchase  and  delivery  of  clean  fill,  aqqreqate  materi¬ 
al,  or  topsoil  (variable  costs  due  to  material  type 
and  local  availability)  at  $3.00  to  $10.00  per  cubic 
yard. 

2.3.4  Environmental  isolation  techniques  (Section  6).  Envi¬ 
ronmental  isolation  techniques  represent  in-place  closure  meas¬ 
ures  that  are  directed  toward  the  passive  control  of  qroundwater 
so  as  to  isolate  a  laqoon  or  disposal  area  from  the  subsurface 
environment.  As  passive  control  measures,  qroundwater  diversion 
techniques  present  little  or  no  lonq -term  operatinq  require¬ 
ments.  Once  in  place,  these  controls  will  continue  to  function 
with  minimal  or  no  operatinq  support  such  as  utilities  or  per¬ 
sonnel.  The  technoloqy  summaries  herein  describe  two  basic  ap¬ 
proaches  to  qroundwater  diversion.  These  include: 

(a)  Groundwater  cutoff  walls. 

(b)  Groutinq  techniques. 

2.  3.4.1  Groundwater  cutoff  walls. 

Descr lption  --  The  use  of  qroundwater  cutoff  walls  includes 
slurry  walls  and  sheet  pilinq  isolation  techniques.  These  cutoff 
walls  are  qenerally  applied  as  vertical  control  measures  to  pro¬ 
vide  a  qroundwater  flow  barrier  around  abandoned  waste  laqoons 
or  disposal  areas.  In  qeneral,  placement  of  slurry  walls  in¬ 
volves  either  excavatinq  a  narrow  trench  (usually  over  3  feet 
wide)  or  drivinq  a  vibratmq  beam  throuqh  a  pervious  soil  depos¬ 
it  and  connectinq  into  an  underlyinq  low  permeability  zone. 
Shallow  trenches  are  normally  excavated  with  backhoe  equipment, 
while  for  deeper  trenches,  excavation  is  performed  by  clam  shell 
or  other  larqe  backhoe  equipment.  The  excavated  trench  is  imme¬ 
diately  backfilled  witn  a  bentonite  slurry  to  support  the  side 
walls  and  provide  a  low  permeability  zone.  Vibratinq  beam  cutoff 
wails  are  normally  constructed  usinq  modified  pile-drivinq 
equipment  with  specialized  slurry  spray  nozzles  to  fill  the  soil 
voids  dunnq  removal  of  the  beam. 

Sheet  pilinq  may  be  considered  a  method  for  qroundwater  di¬ 
version.  The  construction  involves  physically  drivinq  riqid 
sheets  of  steel  or  concrete  into  the  qround  to  form  a  barrier  to 
qroundwater  movement.  Typically,  these  sheets  are  interlocked  or 
sealed  and  tnen  driven  into  the  subsurface  soils. 

Applicability/ uncer  taint ies  --  Successful  applications  of 
cutoff  walls  require  a  detailed  evaluation  of  site-specific  hy- 
droqeoloq ical  conditions.  For  most  applications,  cutoff  walls 
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mast  oe  connectea  (keyed)  to  a  low  permeability  stratum  (aqui- 
clude)  or  a  competent  geoioqical  member  (bedrock)  in  order  to 
provide  effective  groundwater  diversion.  In  these  situations, 
complete  isolation  of  the  waste  area  may  be  accomplished  and 
continued  groundwater  contamination  can  oe  eliminated,  in  some 
cases,  however,  nonkeyed  (hanging)  diversion  walls  may  be  effec¬ 
tive  where  collection  and  recovery  of  lower  density  fluids  (hy¬ 
drocarbons  and  petroleum  products)  are  the  predominant  groundwa¬ 
ter  concerns. 

Slurry  walls  are  rarely  the  sole  remedial  action  applied 
during  m-place  closure  of  abandoned  laqoons,  but  rather  they 
are  usually  accompanied  by  other  measures,  such  as  site  cappinq, 
groundwater  management,  waste  treatment,  or  waste  removal.  Slur¬ 
ry  wall  construction  utilizes  well-established  and  commercially 
available  equipment,  and  slurry  walls  (trench  method  and  vibrat¬ 
ing  beam)  have  been  applied  successfully  at  many  industrial 
waste  disposal  sites. 

Sheet  pilinq  may  be  applied  as  a  qroundwater  diversion  tech¬ 
nique,  althouqh  sheet  piling  walls  will  generally  not  form  an 
immediate  boundary  to  qroundwater  flow.  The  interlock  seams  be¬ 
tween  sheets  are  not  watertight,  and  a  period  of  time  is  neces¬ 
sary  to  allow  fine  soil  particles  to  cloq  these  interlocks.  In 
some  applications  with  sandy  soils,  grouting  may  be  required  to 
torin  a  proper  seal  between  adjacent  sheets. 

Performance  verification  --  Design  of  the  cutoff  wall  to 
match  the  particular  containment  application  will  represent  an 
important  performance  verification  step.  An  assessment  should  be 
made  of  waste  characteristics  to  determine  wall  compatibility 
witn  the  wastes.  For  instance,  bentonite  slurries  are  not  com¬ 
patible  with  stronq  organic  and  morqanic  acids  and  bases,  and 
the  presence  of  highly  concentrated  electrolytes,  such  as  sodi¬ 
um,  calcium,  and  heavy  metals,  may  lead  to  significant  increases 
in  permeability.  Similar  compatibility  considerations  should  be 
given  to  sneet  piling  applications,  where  galvanized,  coded,  or 
other  special  alloy  sheets  can  be  applied. 

Performance  verification  durinq  construction  of  cutoff  walls 
would  include  a  detailed  quality  assurance/quality  control  (QA/ 
yC)  program  at  the  site.  Durinq  the  construction  of  slurry 
walls,  QA/QC  considerations  would  include  the  following: 

(a)  Materials  quality  control,  such  as  water  quality,  ben¬ 
tonite  type,  slurry  quality,  etc. 
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(b)  Filtrate  loss  test,  which  simulates  the  formation  of  a 

filter  cake  on  the  inner  walls  of  the  trench. 

(c)  Slurry  viscosity  usmq  a  marsh  cone  apparatus,  which 

measures  a  series  of  interrelated  properties  includ¬ 
ing  density,  viscosity,  and  shear  strenqth. 

(d)  Slurry  density  should  be  tested  to  ensure  that  the 

trench  slurry  is  sliqhtly  heavier  than  groundwater. 

(e)  Excavation  tolerances  should  be  verified,  such  as  mini¬ 

mum  trench  width  and  depth  as  well  as  wall  plumbness. 

(f)  Backfill  material  should  be  tree  of  incompatible  mate¬ 

rials  (organics,  debris,  salts),  and  should  exhibit 
an  adequate  particle  size  distribution. 

(q)  Permeability  is  the  key  to  slurry  wall  performance,  and 
standardized  laboratory  permeability  tests  should  be 
performed  to  verify  its  effectiveness. 

(n)  Verification  of  excavation  depth  to  ensure  appropriate 
connection  or  keyinq  into  the  aquiclude. 

The  main  concern  in  the  application  of  cutoff  walls  as  an 
environmental  isolation  technique  is  the  lonq-term  stability  and 
longevity  of  the  remedial  action.  Post -closure  verification  fac¬ 
tors  are  described  as  follows: 

(a)  Basil  stability  --  Determination  of  horizontal  movement 

in  the  slurry  wall  or  the  ground  behind  the  wall 
(measured  by  an  inclinometer  or  using  optical  sur¬ 
veys)  . 

(b)  Subsurface  settlement  --  Determination  of  the  vertical 

movement  of  the  wall  usinq  sinqle  point  or  multiple 
point  qauqes. 

(c)  Groundwater  considerations  --  Monitoring  wells  and 

piezometers  may  be  placed  on  both  sides  of  the  wall 
to  determine  groundwater  levels  (relative  hydraulic 
head  drop  across  the  wall)  and  groundwater  quality 
(effectiveness  of  the  wall  in  containing  and  attenu¬ 
ating  contaminants) . 

Economic  considerations  --  The  capital  costs  of  slurry  walls 
and  sheet  piling  walls  vary  significantly,  based  on  factors  such 
as  depth  of  the  wall,  hydr oqeological  conditions,  and  slurry 
type.  Some  of  the  imposed  cost  factors  are  as  follows: 

(a)  Soil/ bentonite  slurry  walls  placed  in  soft  soils  (3- 
foot  width) . 

-  Up  to  30  foot  depth  $3  to  $6  per  square  foot 

($27  to  $54  per  cubic  yard) 
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-  30  to  50  toot  depth  $7  to  $10  per  square  foot 

($63  to  $80  per  cubic  yard) 

-  75  to  125  toot  depth  $8  to  $15  per  square  foot 

($72  to  $135  per  cubic  yard) 

(b)  When  compared  to  soft  soil  excavation,  placement  of 

slurry  walls  in  hard  soils  increases  the  unit  cost 
by  a  factor  of  2,  placement  in  bedrock  usually  in¬ 
creases  the  cost  oy  a  factor  of  3  to  5 ,  and  using  ce¬ 
ment/bentonite  slurries  instead  of  soi 1/bentonite  in¬ 
creases  the  cost  by  a  factor  of  4. 

(c)  Sheet  piling  cutoff  wails  present  costs  that  are  not  as 

dependent  on  depth  (weight  of  5-gauge  galvanized 
steel  is  approximately  11.6  pounds/square  foot). 

-  Materials  $6  to  $8  per  square  toot  ($1,035  to 

$1,380  per  ton) 

-  installation  $1  to  $3  per  square  foot  ($170  to  $520 

per  ton) 

2. 3. 4. 2  Grouting  techniques. 

Descr iption  --  Groutinq  techniques  may  be  applied  at  an 
abandoned  waste  lagoon  to  provide  a  lateral  isolation  (similar 
to  cutoff  walls)  or  complete  site  isolation  (directional  grout¬ 
ing  as  a  bottom  sealing  approach)  .  Grouting  is  a  process  by 
which  a  fluid  of  thixotrophic  material  is  injected  into  earth 
material  to  penetrate  and  gel  or  set  in  place.  This  results  in  a 
lower  permeability  of  the  grouted  area  as  compared  to  the  ad¬ 
joining  earth  material.  These  techniques  have  been  used  for  many 
years  in  the  qeotechnical  field  to  aid  in  dam  and  tunnel  con¬ 
struction.  Generally,  groutinq  material  can  be  classified  in  the 
following  manner: 

(a)  Suspension  qrouts,  which  contain  fine  colloidal  materi¬ 
als  such  as  bentonite,  Portland  cement,  or  a  mixture 
of  both  in  a  suspension  of  water. 

(u)  Chemical  qrouts,  which  consist  of  Newtonian  fluids  such 
as  silicate-base  material,  organic  polymers,  bitu¬ 
mens,  etc. 

Applicability/ uncertainties  --  While  groutinq  is  an  estab¬ 
lished  technique  for  waterproofing  and  construction  of  impermea¬ 
ble  boundaries,  it  has  not  gained  widespread  acceptance  and 
application  as  an  environmental  isolation  technique  at  hazardous 


waste  sites.  Application  of  injection  groutinq  as  a  means  of 
isolation  of  contaminated  lagoon  contents  may  be  limited,  due  to 
the  following  reasons: 

(a)  Groutinq  costs  can  be  significantly  qreater  than  slurry 

wall  costs. 

(b)  The  same  compatibility  concerns  affect  bentonite  grouts 

as  those  discussed  for  slurry  walls. 

(c)  it  is  difficult  to  ensure  wall  continuity  during  con¬ 

struction. 

(d)  Emerginq  bottom  sealinq  techniques  (block  displacement 

and  directional  qroutinq  methods)  have  not  proven  ef¬ 
fective  in  field  applications. 

Performance  verification  --  Very  little  information  is 
available  on  chemical  compatibility  of  qroutinq  materials  with 
various  contaminants  from  existinq  lagoons  at  Army  installa¬ 
tions.  Procedures  for  testing  qrout  compatibility  and  perform¬ 
ance  assessment  have  not  been  developed,  and  no  data  are  availa¬ 
ble  on  the  lonq-term  stability  and  effectiveness  of  qroutinq  for 
waste  isolation  and  contaminant  migration  control.  Lonq-term 
groundwater  monitoring  can  be  used  to  determine  the  effective¬ 
ness  of  qrout  curtains  as  containment  structures. 

Economic  considerations  --  The  capital  costs  of  qroutinq 
represent  perhaps  the  most  significant  drawback  to  potential  ap¬ 
plication  at  waste  disposal  sites.  In  most  cases,  substantial 
equipment  mobilization  costs  and  hydrogeological  pregrouting 
tests  are  required.  The  qroutinq  cost  itself  is  significantly 
qreater  than  the  costs  for  other  environmental  isolation  tech¬ 
niques.  Typical  injection  qroutinq  costs  may  range  from  approx¬ 
imately  $125  to  $150  per  cubic  yard. 

2.3.5  Groundwater  flow  manipulation. 

Description  --  in  many  in-place  closure  situations,  the  con¬ 
trol  of  qroundwater  beneath  the  site  is  of  crucial  concern,  and 
various  qroundwater  flow  manipulation  techniques  are  available 
as  methods  of  environmental  isolation.  Throuqh  qroundwater  flow 
manipulation  or  pumping  strategies,  the  location  and  path  of  the 
water  table  can  be  altered  or  the  contaminated  qroundwater  plume 
can  be  captured.  There  are  essentially  two  ways  to  achieve  flow 
alteration.  One  method  is  qroundwater  extraction,  whereby  a 
"cone  of  depression"  is  created  in  the  zone  of  saturation.  Ex¬ 
traction  techniques  can  be  incorporated  to  hydraulically  alter 
qroundwater  flow  patterns  or  to  contain  or  capture  contaminated 
Plumes.  The  second  principal  method  for  active  qroundwater  flow 
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manipulation  is  throuqh  injection,  whereby  a  groundwater  mound 
is  created.  Injection  techniques  can  De  used  to  provide  reversed 
or  lower  hydraulic  gradients  to  isolate  the  site  or  as  a  part  of 
a  groundwater  extraction/treatment/injection  proqram. 

Applicaoility/ uncertain ties  --  Groundwater  pumping  strate¬ 
gies  represent  applicable  techniques  for  the  active  manipulation 
of  flow  patterns  for  many  hydrogeological  site  conditions.  Prop¬ 
er  placement  of  extraction  wells  in  close  proximity  can  create  a 
depression  network  m  which  the  combined  cones  of  depression 
lower  the  effective  elevation  of  the  qroundwater.  In  other  ap¬ 
plications,  extraction  wells  can  be  incorporated  with  injection 
wells  or  recharge  basins  to  effectively  capture  and  contain  con¬ 
taminated  groundwater  plumes.  Specific  applications  may  include 
the  following: 

(a)  Lower  tne  water  table  to  prevent  direct  contact  of  the 

qroundwater  with  waste  material. 

(b )  Lower  tne  water  table  to  prevent  leaky  aquifers  from 

contaminating  other  water-bearing  areas. 

(c)  Lower  an  unconfined  aquifer  to  prevent  groundwater  dis¬ 

charge  to  a  hydraulically -connected  receiving  stream. 

(d )  Extraction  and  injection  wells  to  allow  controlled 

pumping  and  treatment  of  the  contaminated  qroundwa¬ 
ter,  and  recharge  of  treated  qroundwater  to  restabi¬ 
lize  aquifer  flow  characteristics. 

(e )  Extraction  wells  coupled  with  passive  qroundwater  con¬ 

trols  to  allow  a  more  selective  pumping  of  contami¬ 
nant  plumes. 

Performance  verification  --  To  ensure  the  effectiveness  of 
qroundwater  flow  manipulation  techniques,  hydrogeological  inves¬ 
tigations  should  be  conducted,  and  predictive  laboratory  and 
field  analytical  methods  should  be  utilized.  Specific  environ¬ 
mental  parameters,  such  as  hydraulic  conductivity,  soil  porosi¬ 
ty,  aquifer  transmissivity,  and  aquifer  storativity  must  be  es¬ 
tablished  durinq  the  desiqn  phase  to  verify  the  performance  of 
groundwater  pumpinq  strategies.  The  typical  verification  proce¬ 
dure  includes  the  acquisition  of  representative  soil  samples  tor 
laboratory  analysis  and  the  subsequent  field  placement  of  ex¬ 
ploratory  piezometers  and  well  points  for  pumping  tests.  The 
course  of  events  typically  incorporated  during  the  initial  ex¬ 
ploration  of  an  aquifer  includes  tne  following: 

(a)  Drilling  of  a  test  well  with  one  or  more  observation 
piezometers  to  establish  general  aquifer  characteris¬ 
tics. 
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(d)  Snort-terra  purapinq  tests  to  determine  empirically  the 
nydroqeoloqical  aquifer  parameters. 

(c)  Application  of  the  appropriate  predictive  equations  us¬ 

ing  the  results  of  the  purapinq  tests  to  desiqn  the 
extraction/ injection  well  system  required  to  perforin 
qroundwater  flow  manipulation. 

(d )  Lonq-term  monitor  inq  of  contaminant  trends  and  flow 

cond it  ions . 

Economic  considerations  --  Costs  for  qroundwater  pumpinq 
strateqies  will  vary  widely  dependmq  on  site  conditions  and 
pumpinq  requirements.  The  followinq  unit  costs  can  be  applied 
for  comparison  purposes  in  evaluatinq  potential  qroundwater  flow 
manipulation  techniques. 

(a)  Header  pipe  installation  around  the  periphery  of  the 

pumpinq  areas  at  $35  per  linear  foot. 

(b )  Extraction  well  points  to  be  placed  at  specified  inter¬ 

vals  around  the  periphery  of  the  pumpinq  areas,  and 
connected  by  the  header  pipe  to  the  suction  pump  at 
$20  to  $35  per  foot  depth  for  installation,  $10  to 
$20  per  weiJ  point  for  tittinqs,  and  $200  to  $400  tor 
the  centr it uqal  pumps. 

(c)  Installation  of  hiqh  capacity  extraction  wells  (typi¬ 

cally  6-inch  diameter)  to  induce  a  composite  cone  of 
depression  under  the  site  at  $2  to  $3  per  inch  diame¬ 
ter  per  foot  depth  for  installation,  $4  to  $8  per 
toot  deptn  for  PVC  well  casinq,  and  $1,000  to  $3,000 
for  submersible  4-inch  diameter  pumps. 

(d)  Installation  of  monitorinq  wells  (typically  4-inch  di¬ 

ameter)  to  verify  the  performance  of  the  pumpinq 
scheme  at  the  same  unit  costs  cited  for  purchase  and 
installation  of  PVC  well  casinqs. 

2.3.6  in-situ  pr ocessinq/treatment  techniques.  The  m-situ 
processinq  and  treatment  technoloqies  represent  methods  to  di¬ 
rectly  address  laqoon  contents,  as  opposed  to  slurry  walls  or 
cover/cap  systems  that  indirectly  address  contamination  throuqh 
isolation  or  containment  of  the  laqoon  contents.  Treatment  tech¬ 
niques  may  incorporate  bioloqical,  chemical,  or  physical  proc¬ 
esses  used  to  detoxify  the  wastes  or  solidify/  stabilize  the  ma¬ 
terials.  Treatment  and  processinq  technoloqies  for  use  at  mili¬ 
tary  installations  must  be  capable  of  treatmq  hiqhly  complex 
waste  streams.  Some  of  the  contaminants  of  concern  include  ex¬ 
plosives  (i.e.,  TNT,  RDX,  ONT,  nitrocellulose,  etc.),  solvents 
(tr lcnloroethylene ,  dicnlor oethylene ,  etc.),  and  heavy  metals. 
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The  two  qeneral  technoloqies  described  herein  for  treatment/ 
processinq  of  these  waste  streams  include  the  followinq: 

(a )  Solidification/ stabilization. 

(b)  Bioloqicai,  chemical,  and  physical  treatment. 

2.  3.  6  .1  So  lid  if  ication/staoilization. 

Uescr lption  --  Waste  fixation  is  a  term  that  is  qenerally 
used  to  refer  to  the  solid  if ication/stabilization  processes. 
Tnese  processes  are  normally  used  to  isolate,  immobilize,  or 
contain  sludqe  and  semi-solid  waste  materials  by  combininq  a 
fixation  aqent  (admixture  material)  with  the  waste.  Fixation 
technoloqies  usually  include  treatment  techniques  desiqned  to 
process  the  sludqe  and  semi-solid  wastes  into  a  solid  form.  Of¬ 
ten  this  solid  mixture  will  exhibit  nonhazardous  or  less  hazard¬ 
ous  characteristics.  The  processes  have,  therefore,  been  in  use 
for  some  time  so  that  process  reliability  for  some  applications 
is  fairly  well  demonstrated.  Solidification/  stabilization  tech¬ 
niques  can  be  qrouped  accordinq  to  the  nature  of  the  fixation 
aqent  used  in  each  process.  The  followinq  fixation  techniques 
can  be  applied  for  in-place  laqoon  closure: 

(a)  Cement/based. 

(b)  Lime -based. 

(c)  Thermoplastic. 

(d )  Orqanic  polymer. 

Applicability/ uncertainties  --  Some  fixation  processes  have 
been  found  to  be  applicable  to  the  treatment  and  disposal  of 
various  hazardous  wastes,  as  well  as  radioactive  materials.  Use 
of  these  techniques  to  treat  nonrad loactive  waste,  however,  can 
be  restricted  due  to  economic  considerations.  Also,  not  all  fix¬ 
ation  processes  are  suitable  for  treatinq  complex,  nonhomoqene- 
ous  wastes.  Chemical  compatibility  between  the  waste  and  the 
fixation  aqent  can  be  problematic.  Therefore,  consideration  of 
waste  constituents  must  be  taken  prior  to  selectinq  a  fixation 
process . 

Some  wastes  contain  impurities  that  can  impede  the  settinq 
and  curinq  process  of  solidification.  The  resultant  product  can 
tnen  be  unstable  or  friable.  For  example,  orqanics  at  concentra¬ 
tions  of  qreater  than  10  percent  can  interfere  with  solidifica¬ 
tion.  Other  impurities,  includinq  salts  of  zinc,  copper,  lead, 
manqanese,  and  tin;  sodium  salts  of  arsenate,  borate,  phosphate, 
vodate,  and  sulfide;  and  sulfate  salts,  act  as  settinq  retarders 


43 


that  may  significantly  reduce  the  strenqth  of  the  solidified 
product.  Very  fine  particulate  matter,  such  as  fine  silts  and 
silty  clays,  can  also  weaken  a  waste  cement  product,  as  these 
materials  may  coat  the  larqer  solids  in  the  waste,  and  weaken 
the  Dond  between  the  large  waste  particles  and  the  cement. 

Performance  verification  --  Following  a  compatibility  as¬ 
sessment,  which  initially  determines  the  effectiveness  of  a  par¬ 
ticular  fixation  process  for  a  specific  closure  application, 
quality  control  during  construction  represents  an  important  per¬ 
formance  verification  step.  Some  of  the  construction  variables 
that  need  to  be  addressed  are  the  following: 

(a)  Sludge  characteristics  such  as  moisture  content  and 

viscosity  (grab  samples). 

(b)  Composition  of  fixing  agents  such  as  tree  lime  content 

(grab  samples)  . 

(c)  Sludge  mixing  or  blending  to  achieve  homegeneity. 

(d)  Mixing  and  blending  of  fixation  aqents. 

(e )  Mixture  ratio  of  sludqe  to  fixation  additives  (prede¬ 

termined  durinq  bench  scale  or  pilot  tests). 

(t)  Mixture  characteristics  of  temperature  and  moisture 
content . 

After  it  is  placed  in  its  final  disposal  location,  the  fixed 
waste  product  should  be  disturbed  as  little  as  possible  in  order 
to  preserve  its  physical  integrity  and  not  disrupt  the  curing 
process.  Therefore,  any  destructive -type  test  methods  are  dis¬ 
couraged  for  long-term  performance  verification.  Alternatively, 
nondestructive  or  remote  methods  are  recommended.  Suggested  test 
methods  include  the  following: 

(a)  Visual  inspection. 

(b)  Groundwater  monitoring. 

(c)  Leach  testing. 

(d )  Physical  property  testing  of  grab  samples  collected 

during  processing,  such  as  unconfined  compressive 
strength  test  to  determine  long-term  bearinq  capaci¬ 
ties. 

Economic  considerations  --  In  general,  solidif lcation/stabi- 
lization  processes  represent  a  relatively  high  cost  remedial  ac¬ 
tion  alternative.  Proportions  and  quantities  of  required  fixa¬ 
tion  additives  vary  tremendously  with  the  specific  waste  stream 
application,  and  the  cost  effectiveness  of  this  technology  can 
be  determined  only  after  bench-scale  tests  are  completed.  Typi¬ 
cal  unit  costs  tor  solidif ication/stabilization  additives  range 
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trom  approximately  $3.00  per  100  pounds  of  raw  waste  to  be  proc¬ 


essed  through  cement-oased  and  pozzolanic  techniques  to  approxi¬ 
mately  $ly  to  $28  per  100  pounds  tor  thermoplastic  and  organic 


polymer  techniques. 


2.3.  b.  2  Chemical,  oioloqical,  and  physical  treatment. 

Descr lption  --  This  final  cateqory  of  technologies  is  pre¬ 
sented  as  a  potential  in-place  closure  strategy,  since  many  of 
the  waste  streams  encountered  at  military  installations  will  re¬ 
quire  some  form  of  treatment  prior  to  containment  or  closure  of 
the  lagoon  area.  Other  current  research  and  development  contrac¬ 
tors  to  USATHAMA  are  assessing  chemical,  bioloqical,  and  physi¬ 
cal  treatment  tecnniques.  Some  of  the  treatment  processes  being 
investigated  are  as  follows: 


(a)  Sulfur-based  reduction  (chemical). 

(b)  Sodium  uorohydride  reduction  (chemical). 

(c)  Base -initiated  decomposition  (chemical). 

(d)  Reduction  cleavaqe  (chemical). 

(e)  Chemically-initiated  tree  radical  treatment  (chemical) . 

(t)  Physically-induced  free  radical  decomposition,  includ¬ 
ing  qamma  irradiation,  electron  beam  processing,  and 
uv  pnotolysis  (physical). 

(q)  Tnermal  treatment  through  wet  air  oxidation  or  inciner¬ 
ation  (pnysical). 

(h)  Biodegradation  (Diolog ical) . 


Applicability/ uncertain ties  --  Most  of  the  chemical,  physi¬ 
cal,  and  biological  tecnnoloqies  are  in  the  developmental  staqe, 
where  research  and  development  and  pilot  studies  are  being  con¬ 
ducted  to  assess  tneir  potential  application  to  the  treatment  of 
explosives-contaminated  lagoon  areas.  Only  wet  air  oxidation, 
incineration,  and  biodeqradation  techniques  are  at  a  high  state 
of  technology  development  and  are  potentially  available  for 
full-scale  application.  The  applicability  and  performance  of  all 
chemical,  physical,  and  bioloqical  technologies  to  treat  actual 
waste  materials  in  laqoons  remains  questionable.  The  reaction 
kinetics  of  the  various  processes  have  not  been  quantified,  and 
the  reaction  by-products  for  treatment  of  explosives  are  not 
fully  understood. 


In  short,  while  treatment  techniques  appear  promising  for 
application  at  explosive  waste  laqoons,  no  technology  has  a  suc¬ 
cessful  past  history  of  application,  and  most  remain  in  the  re¬ 
search  and  development  stage. 
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Performance  ver ltication.  Since  the  treatment  technoloqies 
are  in  the  developmental  staqe,  no  pertormance  testinq  approach¬ 
es  have  been  assessed. 

Economic  considerations  --  The  cost  of  full-scale  implemen¬ 
tation  of  treatment  techniques  may  limit  their  potential  appli¬ 
cation,  since  all  require  additional  bencn-  and  pilot-scale 
testinq,  and  commercial  full-scale  equipment  is  not  available. 

2.4  Evaluation  of  potential  alternatives.  The  seven  qeneral 
categories  of  closure  technologies  addressed  in  Sections  3 
through  8  of  tins  report  are  evaluated  in  this  section  with  re¬ 
spect  to  applicability  for  m-situ  laqoon  closure.  Technologies 
are  rated,  relative  to  one  another,  in  the  following  three  dis¬ 
tinct  categories: 

(a)  Applicaoility  to  specific  site  environmental  condi¬ 
tions. 

(o;  waste  compat ibility . 

(c)  Implementation  factors  that  impact  closure. 

2.4.1  Applicability  to  specific  environmental  conditions. 
Table  1  is  a  decision  quide  matrix  that  presents  an  assessment 
of  tne  applicability  of  closure  technoloqies  to  specific  site 
environmental  conditions.  Technoloqies  are  rated  as  havinq  high 
applicability,  moderate  applicability,  or  low  applicability  to 
specific  site  environments.  In  cases  where  a  technology  is  not 
influenced  oy  environmental  conditions,  a  not  sensitive  ratinq 
is  assigned  to  indicate  that  tne  technology  is  not  sensitive  to 
or  not  influenced  by  tne  environmental  condition  of  concern. 

2. 4.1.1  Site  environmental  conditions.  Closure  site  envi¬ 
ronmental  parameters  are  defined  in  Volume  1  of  this  report,  and 
are  summarized  in  the  subsections  that  follow: 

Precipitation  --  Averaqe  annual  precipitation  is  a  major 
factor  in  the  rate  at  wnich  contaminants  can  infiltrate  the 
soil.  At  sites  with  unlined  laqoons,  the  amount  of  net  infiltra¬ 
tion  as  estimated  oy  annual  precipitation  is  the  drivinq  force 
tor  tne  vertical  migration  of  contaminants. 

High  annual  precipitation  is  defined  as  41  to  bO  inches  per 
year,  moderate  as  21  to  40  inches  per  year,  and  low  as  0  to  20 
inches  per  year  . 

Subsurface  permeability  --  Permeability  governs  the  rate  at 
which  water  moves  through  the  subsurface  soil/bedrock  profile. 
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TABLE  i.  RATING  OF  THE  APPLICABILITY  OF  CLOSURE 

TECHNOLOGIES  TO  SPECIFIC  SITE  ENVIRONMENTAL 
CONDITIONS 


Site  environmental 
conditions 


Precipitation  (annual) 

High  (41-60  incnes/yr) 
Moderate  (2i-4Q  mches/yr) 
Low  (0-20  incnes/yr) 
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Groundwater  table 
(deptn  trom  surtace) 

Shallow  (0-15  feet) 
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•  High  applicability 

9  Moderate  applicability 

O  Not  applicable  to  low  applicability 

I  Insensitive  --  technology  not  influenced  by  given  site 
conditions 
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Types  of  subsurface  conditions  are  cateqorized  as  hiqhly  perme¬ 
able,  moderately  permeable,  and  slowly  permeable.  This  is  a  sum¬ 
mary  cateqory  combininq  information  on  the  soils,  bedrock,  and 
unconsolidated  sediments  directly  beneath  each  site.  Permeabil¬ 
ity  is  discussed  in  terms  of  hydraulic  conductivity  in  the 
paraqraphs  that  follow. 

High  permeability  (1QQ-1Q5  qal/day/sq  ft)  --  Any  hiqhly  per¬ 
meable  subsurface  {alluvium,  glacial  outwash,  qravel,  or  sandy 
formations),  qeoloqical  conditions  of  fractured  bedrock,  or 
shallow  limestone  bedrock,  which  results  in  a  Karst  topography 
or  sinkholes,  solution  channels,  sprinqs,  and  caverns  are  condu¬ 
cive  to  subsurface  miqration  of  contaminants  and  pose  a  poten¬ 
tial  hiqh  risk  to  in-situ  closure  of  laqoons. 

Moderate  permeability  (1-99  qal/day/sq  ft)  --  Moderate  per¬ 
meability  subsurfaces  are  common  in  reqions  with  compound  soil 
layers.  Compound  soil  layers  provide  an  environment  where  a 
thin,  relatively  impermeable  formation  is  located  above  a  perme¬ 
able  formation  (e.q.,  cemented  hardpan  over  sandy  alluvium,  or  a 
layer  of  glacial  till  over  outwash).  The  impermeable  layer  re¬ 
stricts  vertical  water  movement  so  that  water  flows  horizontally 
alonq  the  top  of  the  dense  layer.  Breaks  in  the  impermeable  lay¬ 
er  result  in  channels  from  the  surface  to  permeable  formations 
below.  Moderately  permeable  soils  may  include  silty  sands  and 
silt. 

Low  permeability  ( <  1  qal/day/sq  ft)  --  Slowly  permeable 
soils  (glacial  till,  colluvium,  lacustrine  sediments,  or  other 
silty  and  clayey  formations)  and/or  tiqht  bedrock  (unfractured 
shale)  retard  vertical  miqration  of  water  and  contaminants  and 
may  serve  as  possible  natural  liners  to  restrict  seepage  from 
laqoons  closed  in  place. 

Groundwater  table  --  The  depth  to  groundwater  beneath  a 
waste  disposal  laqoon  is  of  major  importance  to  an  in-situ  clo¬ 
sure  program.  Shallow  water  tables  can  act  as  contaminant  miqra¬ 
tion  pathways  and,  once  contaminated,  extensive  and  long-term 
qroundwater  cleanup  problems  may  result.  In  some  instances,  a 
shallow  water  table  may  intersect  the  bottom  of  a  laqoon  there¬ 
by  leachinq  contaminants  out  of  the  waste.  A  shallow  water  table 
also  implies  a  limited  potential  for  contaminant  attenuation  in 
the  unsaturated  zone  soils  underlying  a  laqoon,  and,  therefore, 
a  hiqher  potential  exists  for  contamination  of  the  shallow  water 
table. 


48 


\5XtpE3 


Deptn  to  qroundwater  is  also  a  major  factor  considered  by 
many  state  agencies  in  defininq  closure  requirements  ana  op¬ 
tions.  Groundwater  table  deptns  are  defined  as  follows: 

(a)  Shallow  --  0  to  15  feet  from  ground  surface. 

(b)  Moderate  --  15  to  100  feet  from  ground  surface. 

(c)  Deep  —  greater  than  100  feet  from  qround  surface. 

Flooding  potential  --  Flooding  potential  is  a  measure  of  the 
potential  severity  ana  frequency  of  flooding.  Flooding  potential 
is  categorized  as  follows: 

(a)  High  --  reqular  floodinq  occurs. 

(b)  Moderate  --  occasional  flooding. 

(c)  Low  --  no  floodinq;  outside  100-year  flood  plain. 

Fiooainq  is  a  major  concern  tor  in-situ  closure  of  waste  la¬ 
goons.  A  flood  could  destroy  the  cover  and  wash  out  the  laqoon 
contents  to  streams  and  rivers.  An  m-situ  closure  desiqn  must 
address  the  issue  of  potential  flooding.  Some  Federal  and  state 
hazardous  waste  requlatory  requirements  place  restrictions  on 
facilities  located  within  a  flood  plain. 

Geological  subsurface  stability  --  Geological  subsurface 
stability  is  an  important  parameter  that  affects  closure  tech¬ 
nology  selection.  Shallow  carbonate  bedrock  (limestone  or  dolo¬ 
mite)  ,  for  example,  is  often  karstic,  i.e.,  the  rock  has  been 
eroded  and  dissolved  in  local  areas,  and  sinkholes  and  solution 
channels  have  formed.  In  such  environments,  the  qround  surface 
is  unstable  and  final  in-situ  closure  of  lagoons  may  not  be  a 
feasible  alternative.  Other  geological  features  that  may  deter¬ 
mine  final  closure  alternatives  are  seismic  risk  zones  and  major 
fault  zones.  Subsurface  stability  is  categorized  as  follows: 

(a)  Hiqn  --  hiqn  stability  subsurface,  e.g.,  metamorphic 

and  igneous  rock,  snale;  no  seismic  risk. 

(b )  Moderate  --  moderate  stability  subsurface,  e.g.,  car¬ 

bonate  oedrock,  sandstone. 

(c)  Low  --  low  stability  subsurface,  --  e.g.,  karstic  for¬ 

mations,  major  fault  zones. 

2.  4.1.2  Environmental  applicability  rating.  The  technology 
assessment  tor  site  applicability  is  presented  in  Table  1.  The 
assiqned  ratings  are  best  explained  by  referring  to  Sections  3 
through  8  of  this  report  where  site  environmental  considerations 
are  discussed  in  detail  for  each  closure  technology. 
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2.4.2  Waste  compatibility  with  closure  techno loq les .  In  Ta  - 
ole  2  closure  technologies  are  rated  tor  compatiDility  with  la¬ 
goon  wastes.  Waste  parameters  of  primary  concern  include  several 
chemical  and  physical  waste  characteristics. 

Chemical  waste  constituents  that  are  included  in  the  rating 
system  are  explosives,  organic  solvents,  and  heavy  metals.  The 
closure  technologies  are  rated  for  compatibility  with  wastes 
with  high  concentrations  of  these  constituents. 

The  primary  pnysical  parameters  that  may  affect  the  selec¬ 
tion  of  closure  technologies  are  the  moisture  content  of  the 
waste  and  the  waste -bear inq  capacity. 

[•'or  this  evaluation,  moisture  content  is  defined  as  follows: 

(a)  Hign  moisture  content  --  qreater  than  60  percent  liq¬ 

uid  by  weight. 

(b)  Moderate  moisture  content  --  40-60  percent  liquid  by 

weiqnt . 

(c)  bow  moisture  content  --  less  tnan  40  percent  liquid  by 

weiqnt . 

Bearing  capacity  is  categorized  as  high,  moderate,  or  low, 
m  terms  of  California  Bearinq  Ratio  (CBR)  where: 

(a )  Hiqn  =  >3  CBR 

(b)  Moderate  =  1-3  CBR 

tc)  Low  =  cl  CBR 

2. 4. 2. 1  Waste  compatibility  assessment  rating.  In  this  as¬ 
sessment,  each  technology  is  rated  as  highly  compatible,  moder¬ 
ately  compatible,  incompatible  to  poorly  compatible,  or  insensi¬ 
tive  to  waste  characteristics.  The  ratings  are  presented  in  Ta¬ 
ble  2.  A  thorouqh  discussion  of  waste  compatibility  with  closure 
technologies  can  be  found  in  the  body  of  the  report  where  indi¬ 
vidual  technologies  are  covered  m  depth. 

2.4.3  Implementation  factors  that  impact  closure  plans.  In 
Taule  3  closure  tecnnoloqies  are  assessed  relative  to  implemen¬ 
tation  factors  that  can  impact  closure  plans.  The  implementation 
factors  considered  include  the  following: 

(a)  State  regulatory  requirements. 

(b)  Regulatory  acceptability. 

(c)  Lonq-term  integrity. 

(d )  Public  acceptability . 


TAB  LE  2.  LAGOON  WASTE  COMPATIBILITIES  WITH  CLOSURE 
TECHNOLOGIES 
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(e )  Long-term  operatinq  and  maintenance  requirements. 

If)  Futuce  land  use  options. 

(q )  Satety. 

(n)  Historical  application. 

Tne  potential  impact  on  closure  technoloqies  is  rated  as 
tuvoraole,  neutral,  or  less  favoraole. 

2 . S  Development  of  trial  m-place  closure  scenarios. 

2.b.l  General.  This  subsection  will  point  out  the  applica¬ 
tion  ot  the  decision-makinq  flow  diaqrams  and  the  evaluation 
tables  to  the  assessment  of  potential  in-place  closure  strate- 
qies.  Three  trial  scenarios  are  developed  based  on  assumed  waste 
characteristics  and  site  conditions  that  nave  been  found  to  oc¬ 
cur  in  many  of  the  Army  installations  described  in  Volume  I  of 
this  Task  Order.  The  scenarios  are  representative  of  conditions 
that  exist,  out  they  do  not  attempt  to  encompass  the  full  ranqe 
of  potential  waste  and  environmental  conditions  that  may  be 
found  at  all  of  the  Army  installations.  The  three  trial  scenari¬ 
os  for  remedial  action  discussed  herein  include  the  followinq: 

(a)  Explosive  wastes  disposed  of  in  unlined  areas  exhibit- 

inq  poor  bedrock  and  groundwater  conditions:  in- 

place  closure  is  not  an  option  for  remedial  action. 

(b)  Explosive  wastes  disposed  of  in  unlined  sandy  soil 

areas  in  a  dry  desert-like  climate:  in-place  closure 
restricted  to  infiltration  control  measures. 

(c)  Nonexplosive  inorqanic  and  organic  wastes  disposed  of 

in  unlined  laqoons  underlain  by  permeable  soils  and 
an  extensive  confining  bedrock  layer:  in-place  clo¬ 
sure  incorporates  complete  site  isolation  techniques. 

For  each  of  the  remedial-action  scenarios,  the  basic  waste 
characteristics  and  key  site  conditions  are  presented,  and  the 
evaluation  hiqnliqhts  are  discussed.  To  perform  the  evaluation, 
the  appropriate  decision-variable  steps  are  traced  through  each 
of  the  matrix  flow  diagrams  (Fiqures  3  through  8),  just  as  the 
installation  commander  would  do  for  a  specific  Army  installa¬ 
tion.  Each  of  the  matrix  flow  diagrams  is  highlighted,  indicat¬ 
ing  the  path  of  the  evaluation  (indicated  by  darkened  outlines) 
for  the  trial  scenarios.  The  matrices  are  designed  to  lead  to 
one  ot  two  conclusions: 

(a)  The  waste  characteristics  and  site  conditions  are  not 
compatiole  for  any  remedial  action,  so  m-place  clo¬ 
sure  may  not  be  an  option. 
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(d )  Specitic  remedial  actions  can  be  applied  successfully 
to  mitigate  the  environmental  concerns  during  in- 
place  closure. 

In  the  situations  where  the  second  conclusion  is  reached, 
tne  installation  commander  is  directed  to  address  specific 
evaluation  considerations  described  within  the  evaluation  tables 
(Tables  1  through  3) .  The  highlights  of  this  evaluation  are  in¬ 
cluded  for  each  trial  scenario  as  well.  The  final  result  of  each 
scenario's  trial  evaluation  is  a  recommendation  for  an  appropri¬ 
ate  strategy  for  in-place  closure. 

2.5. 2  Scenario  1  --  In-place  closure  is  not  an  option  for 
remedial  action  at  explosive  waste  disposal  areas.  Tne  specific 
waste  characteristics  and  site  conditions  of  concern  for  this 
scenario  are  presented  as  follows: 

(a)  Waste  characteristics. 

-  Explosive  wastes  and  sediments  have  been  disposed  of 

in  unlined  lagoon  areas  or  natural  drainage 

d itches . 

-  Regulatory  requirements  prohibit  closure  of  these 

areas  until  tne  wastes  are  made  nonreactive. 

-  wastes  and  sediments  can  be  treated  to  desensitize 

reactivity . 

-  Wastes  cannot  be  treated  to  render  them  nonhazardous 

and  nonleachaDle . 

-  Wastes  exhibit  hiqh  moisture  content. 

(b)  Site  conditions. 


-  Disposal  areas  are  located  outside  the  flood  plain. 

-  Site  soils  are  silty  sands  exhibiting  moderate  per¬ 

meability  rates. 

-  Area  climate  has  moderate  annual  precipitation,  cre¬ 

ating  moderate  net  infiltration  through  the  site. 

-  There  are  shallow  depths  to  the  groundwater  table. 

-  Groundwater  represents  a  usable  aquifer. 

-  Site  is  underlain  by  limestone  bedrock,  which  is 

prone  to  development  of  extensive  sinkholes  and 
solution  cnannels. 

-  No  acceptable  alternate  locations  are  available  on¬ 

site  to  replace  wastes. 
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These  waste  characteristics  and  site  conditions  are  repre¬ 
sentative  of  many  Army  installation  locations  where  major  con¬ 
cerns  exist  for  direct  contamination  of  groundwater  by  explo¬ 
sive  contaminants  and  where  sinkhole  development  is  prevalent. 
Tne  evaluation  process  for  this  scenario  is  traced  in  Fiqure  9 
and  the  evaluation  hiqhlights  are  described  in  subsection 
2.b.2.1.  A  summary  sketch  of  the  conclusions  of  this  evaluation 
is  presented  in  Fiqure  10. 

2. b . 2. 1  Evaluation  hiqhliqhts.  The  evaluation  process  ap¬ 
plicable  to  this  scenario  is  as  follows: 

(a)  The  decision  matrices  lead  to  tne  conclusion  that  in- 
place  laqoon  closure  is  not  an  appropriate  remedial 
action  strategy. 

(d )  Although  tne  explosive  wastes  and  sediments  can  be  de¬ 

sensitized  or  treated  to  eliminate  reactivity  con¬ 
cerns,  they  remain  hazardous  and  leachable. 

(c)  Seasonal  floodinq  and  potential  runoff  conditions  cre¬ 
ate  concerns  over  contaminant  miqration  into  runoff 
or  surface-water  supplies. 

(a)  Remedial  actions  can  oe  incorporated  to  minimize  con¬ 
cerns  over  flooding  and  surface  runoff  contact  with 
the  contaminated  areas. 

(e)  The  silty  soils  and  moderate  rainfall  present  a  moder¬ 

ate  net  infiltration  rate  throuqh  the  contaminated 
area. 

(i;  The  infiltration  generates  contaminated  leachate,  which 
migrates  througn  the  shallow  depths  of  subsurface 
soils  to  qroundwater. 

(q )  Remedial  actions  can  be  incorporated  to  reduce  contami¬ 
nated  infiltration.  If  leachate  generation  was  the 
only  concern,  in-place  closure  could  be  implemented 
successfully . 

(h)  The  limestone  bedrock  topography  is  shallow  and  highly 

porous,  and  the  creation  of  sinkholes  and  solution 
channels  is  prevalent. 

(i)  There  exists  a  nigh  potential  tor  contaminant  migration 

into  the  qroundwater  throuqh  bedrock  solution  chan¬ 
nels. 

(j  )  The  shallow  depth  to  groundwater  and  the  seasonal  fluc¬ 
tuation  of  water  table  elevations  (bringing  qroundwa¬ 
ter  in  contact  with  the  wastes;  create  concern  over 
direct  contaminant  miqration  into  groundwater. 
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Figure  9.  (Continued) 


Surface  infiltration  considerations. 


Figure  9.  (Continued) 
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Figure  9.  (Continued) 


(k  )  These  contamination  concerns  are  constraints  to  m- 
place  closure,  unless  the  wastes  and  contaminated 
sediments  can  De  removed  and  replaced  in  less  sensi¬ 
tive  areas. 

(l)  Since  tne  wastes  cannot  be  removed  and  replaced,  tne 

sources  of  qroundwater  contamination  cannot  be  miti- 
qated,  and  in-place  closure  is  not  an  appropriate  re¬ 
medial  action. 

(m)  The  contaminated  wastes  and  sediments  should  oe  exca¬ 

vated  for  destruction  or  offsite  disposal. 

2.5.3  Scenario  2  --  in-place  closure  restricted  to  infil¬ 
tration  control  measures  at  explosive  waste  disposal  areas.  The 
specific  waste  characteristics  and  site  conditions  that  are  rep¬ 
resentative  of  this  scenario  are  presented  as  follows: 

(a  )  Waste  characteristics. 

-  Explosive  wastes  and  sediments  disposed  of  in  unlined 

laqoon  areas  or  natural  drainaqe  ditches. 

-  Requiatory  requirements  prohibit  closure  of  these 

disposal  areas  until  the  wastes  are  rendered  non- 

reactive. 

-  Wastes  and  sediments  can  oe  treated  to  desensitize 

reactivity. 

-  Wastes  can  be  treated  to  reduce  their  leachinq  poten¬ 

tial. 

-  Wastes  and  sediments  exhibit  a  low  moisture  content. 

(u)  Site  conditions. 

-  Disposal  areas  located  outside  the  flood  plain. 

-  Seasonal  flash  floods  can  occur,  but,  on  the  aver- 

aqe,  low  annual  precipitation  exists. 

-  Climate  is  dry  and  desert-like  with  overall  net  evap¬ 

oration  (extremely  low  infiltration). 

-  Deep  layers  of  unconsolidated  sandy  sediments  under- 

lyinq  the  site. 

-  Deep  depths  to  qroundwater  table. 

These  waste  characteristics  and  site  conditions  are  repre¬ 
sentative  of  Army  installations  that  are  located  in  and  desert- 
like  environments.  In  many  of  these  installations,  annual  rain¬ 
fall  is  extremely  low,  but  hiqh  intensity  and  short  duration 
storms  create  flash  floodinq  conditions.  The  sites  are  typical¬ 
ly  underlain  by  sandy  soils  that  extend  deep  below  the  disposal 
areas,  and  shallow  qroundwater  depths  are  not  of  concern.  The 
evaluation  process  tor  this  scenario  is  traced  throuqh  the  de¬ 
cision  matrices  of  Fiqure  11,  and  tne  evaluation  hiqhliqhts  are 
described  in  subsection  2.5.  3.1.  A  summary  sketch  depictinq  the 
conclusions  of  this  evaluation  is  presented  in  Fiqure  12. 
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Surface  infiltration  considerations. 
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Subsurface  soil  characteristics. 


Figure  1 1 .  (Continued) 
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2. 5. 3.1  Evaluation  hiqhliqhts.  The  evaluation  process  ap- 
plicaole  to  this  scenario  is  as  follows: 

(a)  The  decision  matrices  point  to  successful  application 
of  various  appropriate  remedial-action  approaches. 

(D)  The  wastes  and  contaminated  sediments  can  be  success¬ 
fully  rendered  nonreactive  and  nonleachaole. 

(c)  The  dry  climate  creates  only  a  minor  concern  about  net 

infiltration  of  contaminants. 

(d)  Althouqh  the  waste  disposal  areas  are  not  located  with¬ 

in  a  flood  plain,  there  is  a  hiqh  potential  for  sur¬ 
face  runoff  and  flash  flood  contamination. 

(e)  Remedial  actions  can  oe  incorporated  to  control  the 

floodinq  and  surface  runoff  concerns  minimizinq  po¬ 
tential  surface  contamination  potentials. 

(f)  The  site's  deep  layers  of  sandy  soils  are  hiqhly  per¬ 

meable,  but  only  minimal  quantities  of  infiltration 
are  qenerated  (except  during  seasonal  occurrence  of 
hiqh  intensity  rainfalls) . 

(q)  Remedial  actions  can  be  successfully  incorporated  to 
minimize  contaminated  infiltration. 

(h)  With  tne  deep  depths  to  qroundwater  and  small  quanti¬ 

ties  of  contaminated  leachate  that  can  be  qenerated, 
qroundwater  contamination  will  probably  not  be  a  sig¬ 
nificant  concern. 

(i)  Tne  wastes  and  sediments  can  be  left  in-place  and  an 

in-place  closure  strategy  can  be  incorporated  to  min¬ 
imize  surface-water  and  infiltration  concerns. 

(3)  The  technology  evaluation  taoles  should  be  used  to  lim¬ 
it  tne  shoppinq  list  of  potential  remedial  actions 
recommended  within  the  decision  matrices  (the  ma¬ 
trices  pointed  to  use  of  surface-water  diversion, 
soil  cap  systems,  nonsoil  cap  systems,  further  proc- 
essinq/tr eatment  of  the  wastes  and  sediments,  soil 
and  nonsoil  liners,  qroundwater  diversion,  and 
qroundwater  flow  manipulation). 

(k)  From  the  evaluation  tables,  the  following  technologies 
have  little  or  no  application  to  this  scenario: 

-  Complex  cap  systems  (both  soil  and  nonsoil  cap  sys¬ 

tems)  ,  since  precipitation  is  so  low. 

-  Liner  systems,  since  net  infiltration  is  very  low. 

-  Groundwater  diversion  and  flow  manipulation,  since 

depth  to  groundwater  is  deep. 
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(1)  Recommended  remedial  actions  tor  this  scenario  include 
the  followinq: 

-  Pertorm  waste  and  sediment  desensitization  and  fur¬ 

ther  processing  that  can  solidify  or  stabilize  the 
waste  material. 

-  Placement  of  a  native  soil  cap  or  single  clay  layer 

that  is  graded  and  revegetated  to  direct  runoff 
away  from  the  waste  area. 

-  Incorporate  surface-water  diversion  techniques  as 

part  of  tne  site  gradinq  activities  to  carry  run¬ 
off  away  from  tne  site. 

2 .  b  .  4  Scenario  3  --  In-place  closure  throuqn  incorporation 
of  site  isolation  techniques  at  an  unlined  nonexplosive  waste 
lagoon  area.  Tne  specific  waste  characteristics  and  site  condi¬ 
tions  of  concern  for  this  scenario  are  presented  as  follows: 

(a )  Waste  characteristics. 


disposed  of  in  un- 


Nonexplosive  wastes  and  sediments 
lined  waste  lagoon  areas. 

No  reactive  wastes  are  included; 
combination  of  inorganic  waste 
nantly  electroplating  wastes, 
wastes  can  be  present. 

Sludges  can  be  stabilized  or  solidified  to  reduce  the 
leaching  of  heavy  metals. 

Wastes  and  sediments  exhibit  moderate  moisture  con¬ 
tent  . 


the  wastes  are  a 
sludges,  predomi- 
but  some  organic 


(b)  Site  conditions. 


-  Disposal  areas  are  located  outside  the  flood  plain. 

-  Disposal  areas  are  not  prone  to  significant  surface 

runoff  conditions. 

-  Hiqh  annual  precipitation. 

-  Site  soils  exhibit  relatively  hiqh  permeabilities, 

and  high  net  infiltration  results. 

-  Groundwater  flows  within  the  unconsolidated  sedi¬ 

ments,  and  shallow  depths  to  groundwater  exist. 

-  A  relatively  deep  confining  bedrocx  layer  extends 

beneath  the  site. 


These  waste  characteristics  and  site  conditions  are  indica¬ 
tive  of  Array  installations  with  complex  waste  disposal  and  site 
hydr oqeoloq ic  conditions.  Heavy  metal  sludqes  have  been  depos¬ 
ited  above  relatively  permeable  soils,  and  the  climatic  condi¬ 
tions  promote  infiltration.  The  evaluation  process  for  this 
scenario  is  traced  in  Fiqure  13,  and  the  evaluation  hiqhliqhts 
are  described  in  subsection  2. 5. 4.1.  A  summary  sketch  of  the 
conclusions  of  this  remedial  action  evaluation  is  presented  in 
Fiqure  14. 

2. 5. 4.1  Evaluation  hiqhliqhts. 

(a)  The  decision  matrices  point  to  successful  application 

of  various  potential  remedial  action  approaches. 

(b)  Inorqanic  wastes  can  be  stabilized/solidif ied  to  reduce 

potential  leachinq,  out  the  contained  orqanic  wastes 
may  not  De  oound  up  completely. 

(c)  Witn  the  presence  of  niqhly  permeable  surface  and  sub¬ 

surface  soils  and  with  hiqh  precipitation  rates,  hiqh 
infiltration  potentials  are  created. 

(d)  Althouqn  floodinq  is  not  a  concern,  surface  runoff  can 

occur,  and  contaminated  infiltration  and  leachate 
qeneration  are  major  concerns. 

(e)  Remedial  actions  can  be  incorporated  to  minimize  sur¬ 

face  runoff  contamination  and  subsurface  contaminant 
miqration. 

(f)  There  exists  a  siqnificant  potential  for  qroundwater 

contamination  thtouqh  qradual  miqration  of  orqanic 
and  inorqanic  constituents  throuqh  the  sandy  soil. 

(q)  Since  the  qroundwater  does  not  come  in  contact  with  the 
base  of  the  disposal  areas,  remedial  actions  can  be 
implemented  to  successfully  reduce  qroundwater  con¬ 
tamination. 

(h )  The  decision  matrices  conclude  with  various  remedial- 

action  recommendations,  mcludinq  surface-water  di¬ 
version,  soil  anc  nonsoil  cap  systems,  further  treat¬ 
ment  of  the  wastes,  soil  and  nonsoil  liners,  qround¬ 
water  diversion,  and  flow  manipulation. 

(i)  With  the  site-specific  conditions  outlined  for  this 

scenario,  the  list  of  potential  remedial  actions  can¬ 
not  be  reduced  further.  The  foliowmq  conditions 
could  influence  the  recommendation  of  a  specific  re¬ 
medial-action  strateqy: 

-  Surface-water  diversion  and  site  qradinq  are  neces¬ 
sary  components  of  an  in-place  closure  approach  for 
this  scenario. 
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Surface  infiltration  considerations. 


Figure  13.  (Continued) 
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Groundwater  conditions. 


Figure  13.  (Continued) 
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Figure  14.  Application  of  complete  site  isolation  meaeuree 
for  a  non  explosive  waste  disposal  area. 


The  use  o f  a  complex  soil  cap  system  ot  nonsoil  cap 
system  is  necessary  to  reduce  site  infiltration  and 
help  isolate  the  disposal  areas.  Waste-specific 
constraints  may  influence  selection  of  a  cap  mate¬ 
rial  and  system  design. 

Complete  isolation  of  the  site  may  require  the  use 
of  a  liner  system  to  prevent  migration  of  contami¬ 
nants  into  the  groundwater. 

Since  there  exists  a  confining  bedrock  layer  beneath 
the  site,  groundwater  diversion  can  be  accom¬ 
plished  through  incorporation  of  a  slurry  cutoff 
wall  or  grout  curtain. 

If  extensive  aquifer  contamination  exists,  it  may  be 
necessary  to  incorporate  groundwater  flow  manip¬ 
ulation  techniques  to  capture,  treat,  and  perhaps 
reinject  groundwater. 
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3.  SOIL  CAP  S YS TEWS 

3.1  System  description. 

3.1.1  Bacxqround.  Soil  cap  systems  ace  used  to  limit  in¬ 
filtration  ot  precipitation  into  the  waste  site  and  to  isolate 
and  contain  contaminated  areas.  Control  of  infiltration  reduces 
the  qeneration  and  dispersion  of  leachate,  and  plays  an  impor¬ 
tant  role  in  the  success  of  an  in-situ  closure  or  waste  contain¬ 
ment  strateqy.  Soil  cap  systems  vary  in  their  function  and  ap¬ 
plication#  dependinq  on  site-specific  and  waste-specific  charac¬ 
teristics.  A  variety  of  cap  systems  are  available  for  applica¬ 
tion  such  as  native  soil  covers#  multilayer  cap  systems#  soil 
admixtures#  and  qeotextile  fabrics. 

Tne  discussion  in  this  section  is  limited  only  to  the  use  of 
cap  systems  comprised  of  the  followinq: 

(a)  Native  soils. 

(b)  Soils  of  low  permeability. 

(c)  Soil  admixtures  desiqned  to  adjust  native  soil  charac¬ 

teristics. 

(d)  Son  stability  enhancements  such  as  qeotextile  fabrics. 

(e)  bio-barrier  systems. 

Other  materials  can  be  placed  as  part  of  a  cap  system  over 
contaminated  waste  areas,  such  as  syntnetic  impermeable  seals 
and  stabilized  soil  and  waste  layers.  A  discussion  of  synthetic 
seals  and  liners  is  included  in  Section  4#  while  the  discussion 
of  stabilization  and  fixation  techniques  is  included  in  Section 
tt. 


3. 2  Multilayer  cap  systems. 

3.2.1  Process  description.  The  multilayer  cap  system  rep¬ 
resents  a  recently  developed  cover  technology  that  is  qaininq 
widespread  use  in  the  field  as  an  infiltration  control  strateqy 
for  waste  containment  or  in-place  closure.  The  multilayer  cap 
system  performs  the  basic  functions  of  minimizing  infiltration 
into  the  waste  site;  directinq  and  transmitting  percolation  and 
qas  miqration  away  from  the  site;  and  providing  a  final  cover 
for  the  site  and  growth  medium  for  vegetation.  A  typical  multi¬ 
layer  cap  system  as  snown  on  Figure  15#  consists  of  the  follow¬ 
ing  three  layers: 

(a)  Upper soil  layer .  A  topsoil  and  native  soil  layer#  typi- 
cally  placed  to  a  depth  of  about  12-24  inches.  This 
layer  serves  to  support  vegetation#  provide  a  cover 
for  the  drain  layer#  and  divert  surface  runoff. 
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Precipitation 
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(o)  Middle  drain  layer.  A  qraded  layer  of  porous  flow  zone 
material  (e.q.,  sand,  gravel)  to  act  as  a  drainaqe 
medium.  This  layer  is  typically  placed  to  a  depth  of 
about  18  inches. 

(c)  Cap  layer.  A  compacted  layer  of  fine-q rained  soils  of 
low  permeability  desiqned  to  divert  infiltration  that 
has  percolated  throuqh  the  upper  soil  layer.  This  cap 
layer  is  typically  placed  to  depths  of  about  18-24 
inches . 

The  successful  multilayer  cap  system  incorporates  the  use  of 
low  permeability  materials,  sucn  as  compacted  clays,  synthetic 
membranes  and  soil  admixtures,  to  provide  a  surface  seal  over 
the  contaminated  area.  A  zone  of  rapid  permeability  materials, 
such  as  qraded  qravel,  aqqreqate,  and  drainaqe  qeotextile  fab¬ 
rics,  is  typically  placed  over  the  cap  layer  to  enhance  lateral 
movement  of  water  that  percolates  throuqh  the  upper  soil  layer. 
The  upper  soil  layer  provides  the  following: 

(a)  A  soil  cover  to  promote  runoff. 

(b)  A  protective  cover  for  the  drain  layer. 

(c)  A  medium  for  growth  of  veqetative  cover. 

The  vegetation  not  only  stabilizes  the  cover  system  from 
possible  damaqe  due  to  water  or  wind  erosion,  but  also  contrib¬ 
utes  to  moisture  loss  throuqh  evapotranspiration. 

Several  major  advantages  of  tne  multilayer  cover  system  as 
compared  to  a  standard  native  soil  cover  include  the  followinq: 

(a)  A  protective  soil  layer  is  placed  over  the  cap  layer; 

the  cap  is  not  directly  exposed  to  possible  damaqe 
due  to  weather inq,  crackinq  or  excessive  root  pene¬ 
tration. 

(b)  A  drain  layer  serves  to  divert  additional  percolatinq 

water  so  it  does  not  eventually  miqrate  into  the  con¬ 
taminated  material. 

(c)  Possible  slumpinq  of  the  topsoil  and  upper  soil  layers 

is  minimized. 

3.2.2  Process  evaluation  methodoloqy.  In  the  desiqn  and 
evaluation  of  a  multilayer  cap  system,  an  assessment  must  be 
performed  of  the  site-specific  waste  and  area  characteristics  to 
properly  match  the  cappinq  requirements  with  the  proposed  cap 
system  materials.  Computer  modelinq  techniques  nave  been  devel¬ 
oped  as  a  tool  for  establishing  the  desiqn  basis  for  multilayer 
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cap  systems,  and  field  techniques  have  proqressed  for  providinq 
quality  control  durinq  material  placement  and  site  closure.  Fiq- 
ure  15  presents  a  typical  process  evaluation  methodoloqy  that 
may  be  followed  in  the  evaluation  and  desiqn  of  multilayer  cap 
systems . 

The  two  major  aspects  of  tne  process  evaluation  methodoloqy 
for  multilayer  cap  systems  include  an  assessment  of  the  site- 
specific  characteristics  and  the  desiqn  basis  for  the  individual 
components  of  the  cap  system.  As  Fiqure  16  indicates,  three  bas¬ 
ic  desiqn  factors  should  be  included  in  the  evaluation  of  site- 
specific  characteristics,  and  the  three  functional  components  of 
the  cap  system  should  be  evaluated  as  well.  Bach  of  these  six 
desiqn  factors,  shown  below,  is  briefly  discussed  in  subsequent 
paraqraphs  in  terms  of  its  application  to  the  evaluation  of  a 
multilayer  cap  system. 

(a)  Native  qeoloqical  considerations. 

(b)  Area  climatic  conditions. 

(c)  Chemical  and  physical  waste  characteristics. 

(d)  Upper  soil  layer  desiqn  basis. 

(e)  Drain  layer  desiqn  basis. 

(f)  Cap  layer  desiqn  basis. 

3. 2. 2.1  Native  qeoloqical  considerations.  Tne  qeoloqy  of 
the  immediate  area  surroundmq  the  contaminated  waste  area  plays 
an  important  role  in  the  desiqn  and  evaluation  of  a  multilayer 
cap  system.  Considerations  should  be  given  to  soil  availability, 
site  topoqraphy,  soil  types,  qeotecnnicai  concerns,  and  special 
qeoloqical  features. 

In  terms  of  soil  availability,  the  suitability  of  native 
soils  to  use  in  the  proposed  cap  system  should  be  established. 
Bach  of  the  cap  layers  presents  individual  material  require¬ 
ments,  and  laboratory  and  field  testinq  protocols  should  be  fol¬ 
lowed  to  ensure  that  the  available  soils  meet  specified  require¬ 
ments.  In  addition,  native  soils  may  be  incorporated  into  a  soil 
admixture  layer,  where  only  certain  soil  types  provide  appropri¬ 
ate  adraixinq  properties. 

site  topoqraphy  should  be  considered  in  the  evaluation  of  a 
multilayer  cap  system  application.  The  grades  maintained 
throughout  the  cap  layers  should  be  compatible  with  native  to¬ 
poqraphy  to  enhance  positive  drainaqe  away  from  the  site.  Im¬ 
proper  placement  of  a  multilayer  cap  system  and  failure  to  match 
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Figure  16.  Evaluation  methodology  tor  multilayer  cap  systems. 


native  conditions  may  create  unusual  Hydraulic  qradients  at  the 
site  or  may  increase  erosion  potential.  For  these  reasons,  ade¬ 
quate  sur tace-water  diversion  techniques  (as  described  in  Sec¬ 
tion  5)  should  be  incorporated  into  the  design  of  a  multilayer 
cap  system. 

Geotechnical  stability  concerns  represent  another  necessary 
factor  in  the  evaluation  of  a  multilayer  cap  system.  The  cap 
layers  place  additional  loads  onto  the  waste  containment  area. 
Subgrade  stability  is  an  important  consideration,  as  it  must  ex¬ 
hibit  load-bearinq  capacities  capable  of  permanently  supporting 
the  cap  system  materials  ("static  loads"),  plus  the  temporary 
equipment  loads  ("live  loads")  durinq  construction.  Other  geo¬ 
technical  characteristics  should  be  assessed  for  soils  that  may 
be  used  in  cappinq  systems.  Laboratory  and  field  testing  of  the 
soil's  physical  and  chemical  properties  may  be  required.  Some  of 
tne  properties  that  may  have  to  be  determined  tor  competing  soil 
types  include  the  following: 

(a)  Void  ratio. 

(b)  Porosity. 

(c)  Water  content. 

(d)  Atterberq  limits  (liquid,  plastic,  and  shrinkage  lim¬ 

its)  . 

(e)  Soil  pH. 

(t )  Snear  resistance. 

(q)  Compaction. 

(hj  Permeability. 

(i)  Shrink/swell  behavior. 

(3)  Grain  size  distribution. 

Finally,  an  assessment  of  any  site-specific  qeological  fea¬ 
tures  is  necessary.  The  presence  of  Karst  topography  and  the 
resultant  sinkholes,  as  well  as  identification  of  fault  zones, 
may  present  significant  problems  in  placement  of  a  cap  system.  A 
containment  option  may  not  be  viable  in  areas  of  uncertain  bed¬ 
rock  conditions.  The  placement  of  a  multilayer  cap  system  may 
not  be  appropriate  in  major  flood  plains.  Soil  losses  from  ero¬ 
sion  and  total  washout  of  the  cap  system  are  two  significant 
problems  that  may  result  from  the  use  of  containment  in  the 
flood  plain. 

3. 2. 2. 2  Area  climatic  conditions.  The  climatic  conditions 
encountered  at  the  site  represent  important  considerations  for 
the  design  and  evaluation  of  a  multilayer  cap  system  applica¬ 
tion.  The  success  or  overall  failure  of  individual  component 
layers  may  be  based  on  the  qeotechnical  responses  of  the  soil 
materials  to  area  climatic  conditions,  such  as  precipitation, 
temperature,  or  erosion  potential. 
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Average  annual  precipitation  is  a  valuable  measure  of  'be 
suitability  ot  cap  systems.  From  an  initial  design  standpoint, 
sites  that  encounter  extremely  low  precipitation  rates  may  not 
require  a  multilayer  cap  system  approach  since  a  native  soil 
cover  may  be  sufficient  (see  subsection  3.3  for  a  discussion  of 
native  soil  covers) .  Adequate  management  of  precipitation  is  an 
important  consideration  in  avoiding  subgrade  wick  effects  and 
soil  dessication  in  the  cap  system  soils.  Major  fluctuations  in 
precipitation  may  create  cracking  problems  and  cap  failure  in 
the  clay  layers  unless  the  system  design  can  offset  these 
changes  in  soil  moisture  content.  Design  factors  that  may  be 
considered  potential  problems  include  thickness  of  the  upper 
soil  layer  and  the  characteristics  of  the  material  used  in  the 
drain  layer  and  cap  layer . 

Temperature  effects  play  an  important  role  in  the  assessment 
of  soil  cap  systems.  Certain  soils  undergo  severe  expansion  in 
freezing  climates  (referred  to  as  frost  heave) ,  predominantly 
cohesive  soil  layers  lying  in  the  unsaturated  zone  which  can  be 
influenced  by  freezing  surface  temperatures,  wnen  frost-suscep¬ 
tible  soils  are  in  contact  with  moisture  and  are  subjected  to 
freezing  temperatures,  they  attract  water  from  below  through 
capillary  action  and  undergo  a  very  large  expansion  (Lambe, 
Whitman,  1969) .  in  areas  of  freeze/ thaw  climates,  the  multilayer 
cap  system  must  be  designed  and  placed  to  minimize  the  destruc¬ 
tive  effects  of  frost  neave  conditions.  Adequate  layer  depths 
must  be  established  to  ensure  placement  of  the  cap  layer  below 
the  natural  freeze  line  in  the  soil  profile.  In  addition,  arti¬ 
ficial  capillary  breaks  may  De  installed  beneath  the  cap  layer 
to  eliminate  the  continuous  capillary  attraction  of  subsurface 
water  into  the  frost-susceptible  soils.  Coarse-grained  drainage 
material  or  a  geotextile  fabric  can  be  applied  as  capillary 
breaks  (see  subsection  3.5  for  a  discussion  of  geotextile  fab¬ 
rics)  . 

Wind  and  surface  runoff  erosional  forces  can  present  major 
potential  problems  with  the  application  of  soil  cap  systems.  In 
site-specific  situations  where  soil  erosion  is  a  major  consider¬ 
ation,  the  US  DA  Universal  Soil  Loss  Equation  (USLE)  may  provide 
useful  information  for  comparing  different  cover  soils  during 
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the  design  of  a  cap  system  (Lutten  et  al.,  1979).  The  USLE  as¬ 
sesses  soil  loss  from  the  product  of  six  quantitative  and  quali¬ 
tative  factors  as  related  by  the  following: 


A  =  R*K«L»S*C»P 


(1) 


Where:  A 

R 

K 

L 

S 

C 

P 


Average  soil  loss  (tons/year)  for  the  speci¬ 
fied  time  period. 

Rainfall-runoff  erosion  index. 

Soil  erosion  factor. 

Slope-length  factor. 

Slope-steepness  factor. 

Cover -management  factor. 

Conservation-supporting  practices  factor. 


3. 2. 2. 3  Chemical  and  physical  waste  characteristics.  The 
chemical  and  physical  characteristics  of  the  wastes  play  an  im¬ 
portant  role  in  tne  design  and  evaluation  of  the  multilayer  cap 
system.  Chemical  waste  compatibility  with  the  cover  soils,  spe¬ 
cifically  with  reference  to  the  clay  cap  layer,  represents  one 
of  the  key  concerns.  Incompatible  combinations  of  wastes  and 
clay  types  have  been  shown  to  reduce  the  clay's  capacity  to 
function  as  an  impermeable  boundary  (Anderson  &  Brown,  1980) . 
(See  Section  6  for  a  detailed  discussion  of  bentonite  clay  com¬ 
patibility  with  waste  chemicals.)  Since  the  predominant  function 
of  a  cap  system  is  to  significantly  reduce  site  infiltration, 
clay  failures  resulting  from  waste  compatibility  problems  will 
create  major  system  performance  problems. 


Biodecomposition  of  volatile  organic  wastes  creates  gas  gen¬ 
eration  concerns  that  must  be  addressed  in  tne  design  of  appro¬ 
priate  cap  systems.  Gas  venting  measures  should  be  considered  as 
a  functional  component  of  a  multilayer  cap  system  application 
for  many  wastes  with  a  high  organic  content,  without  such  con¬ 
trol  measures,  gas  can  be  trapped  below  the  cap  layer,  gradually 
altering  the  subsurface  soil  grades  and  potentially  reducing  the 
effectiveness  of  the  cap  system  as  designed.  Physical  waste 
characteristics,  such  as  the  capacity  for  differential  settle¬ 
ment  under  external  loads,  the  dewatering  potentials,  and  the 
capacity  to  form  a  self -sealing  mass,  must  be  evaluated  for 
their  effects  on  in-place  closure  with  a  multilayer  cap  system. 
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3. 2. 2. 4  Upper  soil  layer  considerations.  The  upper  soil 
layer  ot  a  multilayer  cap  system  is  placed  to  promote  surface- 
water  runoff,  control  erosion,  provide  a  qrowth  for  cover  veqe- 
tation,  and  protect  the  drain  and  cap  layers.  The  upper  soil 
layer  typically  incorporates  clean  fill  soils,  topsoil,  and  a 
veqetative  cover.  Clean  fill  may  be  utilized  as  a  qeneral  qrade- 
and-fill  material  to  form  the  basis  of  the  upper  soil  layer. 
Topsoil,  which  is  usually  placed  above  clean  fill,  is  typically 
a  loose,  uncompacted  surface  layer  of  loams  for  veqetative  sup¬ 
port.  Veqetation  serves  to  reduce  the  potential  tor  wind  and  wa¬ 
ter  erosion  and  helps  to  establish  a  naturally  fertile  and  sta¬ 
ble  soil  base.  The  key  to  the  effectiveness  of  the  upper  soil 
layer  is  the  success  in  estabiishinq  and  promotinq  an  effective 
veqetative  cover. 

The  layer  of  clean  fill  soils  may  ranqe  in  thickness  from  a 
minimum  of  lti  inches  to  3  feet  or  more.  This  soil  layer  must  be 
tree  of  larqe  rocks  or  stones;  roots,  branches,  or  wood;  and 
rubble,  debris,  or  other  waste  material.  The  selection  of  the 
tnickness  of  this  soil  fill  layer  should  consider  factors  such 
as  the  followinq: 

(a)  Availability  of  suitable  material. 

(b)  Thickness  of  topsoil  layer. 

(c)  Possible  root  penetration  depth . 

(d)  Frost  depth. 

(e )  Climatic  conditions  and  extremes  m  precipitation. 

(f)  Possible  lonq -term  soil  losses. 

Topsoil  thickness  is  usually  limited  to  about  6  to  12  inches 
Because  ot  its  relatively  hiqh  cost.  If  adequate  quality  topsoil 
is  not  available,  it  may  be  neccessary  to  supplement  existinq 
soils  with  fertilizers  and  conditioners.  This  supplemental  en- 
ncnment  will  provide  the  qeneral  soil  composition  and  macronu¬ 
trients  needed  to  adequately  support  veqetation. 

Several  veqetation  characteristics  are  important  to  the  es¬ 
tablishment  of  a  successful  cover  over  the  multilayer  cap  sys¬ 
tem.  These  include  (JRB  Associates,  1882)  the  followinq: 

(a)  Low-qrowinq  veqetation. 

(b)  Limited  soil  penetration  of  plant  roots. 

(c)  Rapid  qermination  and  development. 

(d)  Lonq-term  durability  (resistance  to  fire,  insects  and 

disease) . 

(e )  Low  maintenance  requirements. 


Slope  stability  represents  an  important  aspect  of  the 
soil  layer.  Side  slopes  should  be  limited  to  a  maximum  ra 
■i  horizontal  to  1  vertical  (3:1)  to  ensure  slope  stabilit 
represents  the  maximum  slope  on  which  veqetation  can  be 
lished  and  maintained,  assuming  soils  with  low  erosion  po 
and  adequate  moisture-holding  capacity.  Top  surfaces  shou 
lize  a  slope  of  approximately  3  to  5  percent  to  promote  d 
and  encourage  runott. 

Vegetation  may  be  used  as  part  of  a  lonq-term  site  r 
tion  project  or  on  a  temporary  basis  as  a  surface  stab 
agent  tor  intermediate  covers.  Long-term  vegetative  sta 
tion  typically  involves  planting  grasses,  legumes,  anc 
shrubs,  wmle  a  short-term  seasonal  cover  is  limited  usu. 
qrasses.  This  subsection  is  concerned  primarily  with  tht 
term  applications  of  veqetation  as  a  surface  cover  for  tl 
tilayer  cap  system.  For  these  applications,  grasses  and  . 
are  commonly  used  (see  Table  4  for  a  listing  of  veqetatioi 
acter isticfc , .  The  following  factors  should  be  considered 
evaluation  of  veqetative  covers: 

(a)  Selection  of  a  suitable  plant  species. 

(b)  Seedoed  preparation. 

(c)  Vegetation  seed inq /planting . 

(d)  Mulch inq/chemical  enrichment  of  soil. 

(e)  Fertilization  and  maintenance. 

3. 2. 2. S  Drain  layer  considerations.  The  second  func 
component  of  the  multilayer  cap  system  is  the  drain  layer 
layer  is  "sandwiched"  oetween  the  upper  soil  layer  on  t 
the  cap  layer  underneatn.  The  drain  layer  consists  of  a 
tiveiy  hiqh  permeability  material  to  provide  a  lateral  dr 
path  tor  water  that  percolates  through  the  upper  soil  iayc 
drain  layer  mu'-t  provide  rapid  transmission  of  the  wate 
will  tend  to  collect  (perch)  on  the  cap  layer.  Drain  laye 
tormance  can  be  modeled  using  the  Hydroloqical  Simulati 
Solid  Waste  Disposal  Sites  (HSSWDS)  computer  simulation 
developed  tor  the  U.S.  EPA  (Moore,  iy80)  .  From  the  mode 
required  drain  layer  thickness  can  be  evaluated.  The 
thickness  requirement  is  a  function  of  the  following  desiq 
siderations : 

(a)  Annual  infiltration  rate. 

(b)  Drain  layer  length. 

(c)  Permeability  of  drain  layer  material. 

(d)  Drain  layer  slope. 


TABLE  4.  CHARACTERISTICS  OF  GRASSES  AND  LEGUMES 
COMMONLY  USED  FOR  REVEGETATION 


Cool 

Season 

warm 

Dry 

Site  suitability 

Opt imum 
pH  ranqe 

Well 

drained 

Moderately 

drained 

Poorly 

drained 

Growth 

habit* 

Grasses 

Bahia  qrass 

X 

X 

X 

X 

P 

4.5  -  7.5 

Barley 

X 

X 

X 

A 

5.5  -  7.8 

Bermuda  qrass 

X 

X 

X 

X 

P 

5.5  -  7.5 

Blue  qrass,  Canada 

X 

X 

X 

X 

P 

4.5  -  7.5 

Blue  qrass,  Kentucky 

X 

X 

X 

P 

5.5  -  7.0 

Bluestem,  biq 

X 

X 

X 

P 

5.0  -  7.5 

Ur  one  qrass,  field 

X 

X 

X 

A 

6.0  -  7.0 

Brome  qrass,  saooth 

X 

X 

X 

X 

P 

5.5  -  8.0 

Buffalo  qrass 

X 

X 

P 

6.5  -  8.0 

Canary  qrass,  reed 

X 

X 

X 

X 

X 

P 

5.0  -  7.5 

Deer  tonque 

X 

X 

X 

X 

X 

P 

3.8  -  5.0 

Fescue,  tail 

X 

X 

X 

P 

5.0  -  8.0 

Grama,  blue 

X 

X 

X 

X 

P 

6.0  -  B.5 

Indian  qrass 

X 

X 

P 

5.5  -  7.5 

Love  qrass,  sand 

X 

X 

P 

6.0  -  7.5 

Love  qrass,  weepinq 

X 

X 

X 

X 

P 

4.5  -  8.0 

Oats 

X 

X 

X 

A 

5.5  -  7.0 

Orchard  qrass 

X 

X 

X 

X 

P 

5.0  -  7.5 

Red  top 

X 

X 

X 

X 

X 

P 

4.0  -  7.5 

Rye  qrass 

X 

X 

X 

X 

A,  P 

5.5  -  7.5 

Switch  qrass 

X 

X 

X 

P 

5.0  -  7.5 

Timothy 

X 

XX 

X 

X 

P 

4.5  -  8.0 

Wheat  qrass,  tall 

X 

X 

X 

X 

X 

P 

6.0  -  8.0 

Wheat  qrass,  western 

X 

X 

X 

X 

X 

P 

4.5  -  7.0 

Lequmes 

Alfalfa 

X 

X 

X 

P 

6.5  -  7.5 

Clover,  alsike 

X 

X 

X 

X 

X 

P 

6.0  -  7.0 

Lespedeza,  common 

X 

X 

X 

A 

5.0  -  6.0 

Lespedeza,  sericea 

X 

X 

X 

X 

P 

5.0  -  7.0 

Sweet  clover,  white 

or  yellow 

X 

X 

X 

X 

B 

6.0  -  8.0 

Trefoil,  birdsfoot 

X 

X 

X 

X 

P 

5.0  -  7.0 

Vetch,  crown 

X 

X 

X 

X 

p 

5.5  -  7.5 

Vetch,  harry 

X 

X 

X 

X 

A 

5.0  -  7.5 

aA  »  annual,  B  «  biennial,  p  *  perennial  (Source:  EPA,  1976) 


93 


The  modeling  technique  may  be  graphically  portrayed  as 
shown  on  Figure  17  (Moore,  1980).  The  figure  shows  a  drain  layer 
of  thickness,  d,  overlying  a  low  permeability  material  layer 
(cap  layer  is  discussed  in  subsection  3. 2. 2. 6).  The  drain  layer 
extends  over  a  horizontal  distance  of  length,  L,  and  is  placed 
at  a  slope  from  horizonal  of  angle,  o  .  Percolating  water  im¬ 
pinges  on  the  drain  layer  at  an  annual  infiltration  rate,  e,  and 
can  move  through  the  layer  at  the  drainage  materials'  saturated 
permeability  rate,  Ks.  It  is  assumed  that  the  percolation 
rate  is  constant  with  respect  to  time,  which  is  valid,  since 
seepage  fluxes  do  not  change  rapidly. 


The  limiting  case  for  the  evaluation  is  the  condition  when 
a  ■  o  (the  drain  layer  has  a  horizontal  or  zero  slope).  The 
height  of  the  saturated  water  surface  within  the  drain  layer  for 
this  limiting  case  is  given  by  the  following  relationship 
(Moore,  1980): 


/  e  \V2 

h  =  (L-X)  X  J 

Where:  h  =  Water  heiqht  (m) . 

e  =  infiltration  rate  (cm/sec)  . 

Ks  =  permeability  rate  (cm/sec) . 

L  «  Drain  layer  length,  or  length  between  drain 
pipes  (m)  . 

X  =  Horizontal  point  in  question  (m) . 


(2) 


The  maximum  heiqht  of  the  water  in  the  drain  layer,  hmax 
occurs  at  the  midpoint,  x  =  L/2,  and  is  given  as: 


hmax 


(3) 


In  situations  other  than  the  trival  limitinq  case  of  a  hori¬ 
zontal  rain  layer,  the  layer  slope  angle  will  become  a  factor  in 
the  evaluation  (a»0),  and  flow  will  accelerate  toward  the  col¬ 
lector  system.  Havinq  a  drain  layer  slope  greater  than  zero  is 
critical  to  the  function  of  the  multilayer  cap  system,  since  it 
allows  water  to  drain  in  a  finite  amount  of  time.  If  a  *  0, 
the  drainage  time  is  infinitely  long,  and  for  the  case  of  a 
sloped  drain  layer,  (a  »•  0)  »  hmax  is  given  as  (Moore,  1980): 


hmax 


L  /c~ 
2 


+  1 


tan  o 
c 


a 


+  c 


(4) 


e 

KS 


Where:  c  *  Flow  rate  ratio  of 


tw.  —  Maximum  height  of  water  standing  in  the  drain  layer 


d  —  Drain  layer  thickness 

L  —  Distance  between  opposing  laterals  or  seepage  beds 

a  —  Rate  of  water  flow  impinging  on  drain  layer, 
equal  to  percolation  rate 

d  —  Slope  angle 


Source:  Moore.  1980 

Figure  17.  Diagram  of  assumed  water  surface 
profile  In  drain  layer. 
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3b  evaluate  the  effectiveness  of  the  drain  layer,  a  sensi¬ 
tivity  analysis  should  be  performed,  examining  the  effects  of 
infiltration  rate,  drainaqe  length  and  slope,  and  saturated 
permeability  on  the  maximum  standing  water  height.  As  a  general 
rule,  drain  thickness  requirements  increase  as  a  function  of  an 
increase  in  annual  percolation  rate  and  a  decrease  in  drain  lay¬ 
er  material  permeability.  Other  parameters  being  equal,  drain 
layer  thickness  requirements  decrease  as  a  function  of  increas¬ 
ing  slope.  The  most  critical  parameter  to  an  effective  drain 
layer  is  saturated  material  permeability. 

In  addition  to  calculating  the  required  drain  layer  thick¬ 
ness,  an  equally  important  factor  is  drain  layer  efficiency. 
Drain  efficiency  is  a  measure  of  the  drain's  capacity  to  divert 
laterally  the  water  that  is  percolating  vertically.  The  drain 
layer  efficiency  is  a  function  of  particle  size,  drain  slope, 
and  drain  lengtn.  The  approach  for  estimating  drain  layer  effi¬ 
ciency  is  based  on  saturated  Darcy  flow  in  Doth  the  drain  layer 
and  cap  layer  (Moore,  ls)80).  This  approach  assumes  that  the  cap 
layer  is  composed  of  a  material  (e.g.,  clay)  that  is  not  com¬ 
pletely  impermeable.  Figure  18  shows  a  graphical  representation 
of  the  assumed  geometry.  This  approach  postulates  that  at  some 
initial  time  a  rectangular  slug  of  liquid  is  placed  on  the  sat¬ 
urated  cap  layer  to  a  deptn,  h0.  The  liquid  flows  both  nori- 
zontally  along  the  slope  of  the  system,  and  vertically  into  the 
cap  layer.  The  fraction  of  liquid  movinq  into  the  collector 
drain  system  at  time,  t,  is  given  as  follows  (Moore,  iy80): 


and  the  fraction  of  liquid  seepinq  into  the  cap  layer  is  qiven 
by: 


ho  "  (*  +  ho  cos  0  ) 


-  ct/t, 


ti  cos  a 
o 


*,  for  0^  t  Stx,  (6) 


Where: 


Ksl  sino 


||  Diagram  tor  computing 
efficiency  of  drain  layer 


Source:  Moore,  1980 

Figure  18.  Assumed  geometry  lor  computing 
drain  layer  efficiency. 


rapes 


and 

S  =  Lenqth  of  saturated  volume  at  time,  t  (cm), 
h  =  Thickness  of  saturated  volume  at  time,  t  (cm). 

S  =  Initial  length  of  saturated  volume  =  L/2  secant  (cm). 

h°  =  Initial  thickness  of  saturated  volume  (cm). 

K° .  =  Saturated  permeability  of  tne  material  above  the 
„s  cap  layer  (cm/ sec). 

s2  =  Saturated  permeability  of  the  cap  layer  (cm/ sec), 
a  =  Slope  anqle  of  the  system  (deqrees) . 
d  =  Tmckness  of  the  cap  layer  (cm) . 


The  efficiency  of  tne  dram  layer  can  be  determined  with 
reference  to  Fiqure  la  which  plots  h/hg  versus  S/SQ  and 
t/t_L*  Equations  5  and  6  can  be  solved  parametrically  in  t/tj_, 
to  yield  the  line  shown  on  tne  fiqure.  (The  line  is  actually  a 
curve,  however,  for  practical  cap  and  drain  layer  configurations 
it  can  be  approximated  as  a  straight  line.)  In  tnis  case,  the 
efficiency  of  the  system  is  qiven  by  the  area  labelled  "f."  This 
area  is  most  easily  determined  by  calculating  the  value  of 
h/hQ  when  t/tx  =  1.0  (or  S/Sq  *  0).  The  term  h/ho  is 

set  equal  to  n  and  can  be  obtained  by  solvinq  equation  6  with 

t/t^  =  1.0. 

_  =  (  i  ■  d  \  -c  d  (7) 

_  y  hQ  cos  a  J  hQ  COS  a 

Tne  value  ot  n  can  be  either  positive  or  neqative,  however, 
most  efficient  designs  will  have  n»o.  The  efficiency  is  given 
by  either; 


f 


1  +  n 

5 


tor  n»-o 


(8) 


or  t 


1 

2  (1-n) 


for  n<o 


(9) 


Thus,  the  "efficiency"  varies  from  0  to  1.0. 

The  quantity  of  liquid  draining  out  of  tne  system  is  given 

by; 

Amount  collected  in  drains  *  f  x  h0  and  the  quantity  of 
liquid  seeping  into  the  cap  layer  is  qiven  by; 

Amount  seeping  into  liner  •  (1-f)  x  hQ 


] 
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3.2. 2.6  Cap  layer  considerations.  A  major  component  of  the 
multilayer  cap  system  is  the  impermeable  cap  layer  that  under* 
lays  the  drain  layer.  The  term  "impermeable"  is  a  misnomer  for 
soil  caps,  since  no  native  soil  can  act  as  a  complete  barrier 
aqainst  percolation.  Synthetic  membranes  and  seals  more  closely 
exhibit  the  impermeability  designation.  However,  cap  layer  per¬ 
meability  rates  may  be  extremely  low  (in  the  ranqe  of  10”®  - 
10"8  cm/sec)  ,  and  in  essence  they  are  often  referred  to  as 
"impermeable."  The  cap  layer  represents  the  zone  that  signifi¬ 
cantly  limits  the  movement  of  percolating  water  into  the  contam¬ 
inated  waste  area.  The  cap  layer  truly  provides  the  containment 
function  ot  the  multilayer  cap  system* 

Tfte  cap  layer  may  be  constructed  using  the  following  mate¬ 
rials: 

(a)  A  native  low  permeability  soil. 

(р)  A  soil  admixture. 

(с)  A  synthetic  membrane  or  seal. 

(d)  A  low  permeability  layer  constructed  of  fixed,  stabil¬ 
ized  material. 

The  cap  layer  may  be  constructed  either  of  one  layer  of  low 
permeability  compacted  soil  or  admixture,  or  of  two  compacted 
soil  layers  consisting  of  one  layer  of  base  material  overlain  by 
a  second  layer  of  low  permeabilty  soil  or  admixture  material. 
The  decision  for  utilizing  one  layer  or  two  in  the  cap  should 
consider  material  availability  cost,  and  the  characteristics  of 
the  underlying  waste  material.  All  water  that  permeates  the  cap 
layer  will,  in  time,  ultimately  percolate  downward  through  the 
waste  material.  During  the  time  that  water  permeates  the  cap, 
the  soil  moisture  content  will  increase.  From  the  modeling  tech¬ 
niques  of  HSSWDS  (Moore,  1480) ,  this  wetting  process  can  be 
evaluated  to  determine  the  time  required  to  completely  permeate 
the  cap  layer . 

Describing  the  permeability  of  cap  materials  such  as  clay 
is  more  involved  than  describing  flow  through  noncohesive  soils, 
such  as  sand  and  gravel,  which  would  oe  used  in  the  drain  layer. 
Clays  have  gravitational  attractive  properties  and  exert  capil¬ 
lary  forces  that  complicate  the  mathematics  of  flow  calcula¬ 
tions.  After  solving  linear  differential  equations  for  flow 
through  clay  layers,  the  following  relationship  can  be  used  to 
give  the  cumulative  amount  of  water  enterinq  the  clay  barrier 
soils  at  a  given  time,  t  (Moore,  1480) 


yy 


f 


rap®] 


«t  -  2  (es 


(10) 


and  the  quantity  of  liquid  requited  to  saturate  the  barrier  to 
a  depth,  d,  is  given  as: 

\  -  2(Ss  -  ®l)  d  t11' 

Where: 


M  =  Required  liquid  quantity  (cm). 

0^  =  Saturated  soil  moisture  content  (percent). 
0^  =  Initial  soil  moisture  content  (percent). 

D1  =  Soil  diffusivity  (sq  cm/ sec), 

t  *  Time  (sec) . 

d  *  Soil  depth  (cm) . 


Equatinq  the  two  relationships,  an  approximation  can  be  made 
of  the  time  required  for  water  to  completely  permeate  a  clay 
cap.  This  time,  calculated  as  follows,  relates  to  the  delay  time 
that  the  clay  layer  provides  in  preventing  percolation  from  en¬ 
tering  the  waste  area. 


t 


(12) 


3.2.3  Materials  verification.  One  of  tne  first  steps  in  the 
performance  verification  process  is  materials  verification.  If 
the  materials  do  not  meet  the  desired  specifications,  a  compo¬ 
nent  in  the  in-situ  closure  design  may  be  subject  to  failure. 
This  type  of  materials  test  can  generally  be  performed  in  a 
soils  laboratory  and  may  typically  include  the  parameters  shown 
in  Table  5 . 


3.  3  Native  soil  covers. 


3.3.1  Process  description.  Certain  qeological  and  climatic 
situations  and  certain  waste  characteristics  may  allow  the  use 
of  a  sinqle-layer  cap  system  comprised  of  native  soils.  In  cli¬ 
mates  with  evaporation  rates  that  are  greater  than  precipita¬ 
tion,  and  in  locations  where  low  permeability  soils  are  readily 
available,  the  use  of  a  multilayer  cap  system  may  not  be  neces¬ 
sary.  In  addition,  a  higher  cost  multilayer  cover  may  not  be  re¬ 
quired  for  waste  areas  that  are  not  highly  leachable,  stabil¬ 
ized,  or  of  a  low  hazard/ toxicity  level.  For  example,  the  final 
cover  for  an  area  where  the  waste  has  been  fixed  or  chemically 
stabilized  may  be  a  single  layer  of  soil.  The  use  of  native 
soil  covers  has  its  basis  with  the  disposal  of  municipal  solid 
wastes  in  sanitary  landfills.  For  years,  daily  soil  covers  and 
final  soil  covers  have  been  applied  for  the  closure  of  solid 
waste  cells  at  sanitary  landfills. 
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TABLE  5.  TYPICAL  MATERIALS  TESTING  PARAMETERS 


Component 

Characteristics 

Test  protocol 

Upper  soil  layer  Material 

Topsoil 

1. 

Organic  content 

1. 

Soil  classification. 

2. 

PH 

2. 

Field  testing  procedure. 

3. 

Su i tabi 1 i ty -c lean 

3. 

Visual  —  free  from  for¬ 
eign  Matter  and  other 
debris. 

Soil  fill 

1. 

Low  course  fragments 

1. 

Sieve  analysis  A  ASH  TO 
T-27. 

2. 

Suitability -clean 

2. 

Visual  --  free  from  rock 
atones,  debris,  waste 
Material,  roots,  sticks. 

3. 

Coepactable 

3. 

Density  at  optimum  mois¬ 
ture  --  AASHTO  t-99. 

Drain  layer  Material 

1. 

Soil  type 

1. 

Soil  classification. 

2. 

Allow  rapid  water 
Movement . 

2. 

Sieve  analysis  --  per¬ 
meability. 

3. 

Suitability -clean 

3. 

visual  --  free  from 
plants,  roots,  stones, 
debris. 

cap  layer  (clayey  soil) 

1. 

Workability 

1. 

Liquid  limit  --  AASHTO 
T-89.  Plastic  limit  — 
AASHTO  T-90. 

2. 

Soil  type 

2. 

Sieve  analysis  —  AASHTO 
F-ll  and  AASHTO  F-27. 

3. 

Rea tr let  water  move¬ 
ment 

3. 

Permeability. 

4. 

coepactable 

4. 

Maximum  density  at  opti¬ 
mum  moisture  —  AASHTO 
T-180. 

5. 

Suitability -clean 

5. 

Visual  --  free  from 
stones,  roots,  plants, 
debris. 

Single-layer  native  soil  covers  simply  provide  a  physical 
barrier  against  human  contact  with  the  contaminated  area  and 
provide  a  mechanism  for  improved  surface  runoff.  Beyond  the 
evapotranspiration  and  surface  management  controls  achieved 
through  regrading,  placement  of  a  native  soil  cover,  and  revege¬ 
tation,  only  slight  reductions  in  the  rate  of  subsurface  infil¬ 
tration  are  gained.  The  level  of  subsurface  environmental  con¬ 
trol  achieved  through  native  soil  capping  is  not  as  great  as 
that  of  a  multilayer  cap  system  (discussion  of  the  multilayer 
cap  system  is  included  in  subsection  3. 2) . 

Native  soil  covers  should  only  be  considered  when  complete 
waste  isolation  is  not  required  and  a  significant  reduction  in 
site  infiltration  is  not  a  primary  concern.  In  dry  climates 
where  evaporation  is  greater  than  annual  rainfall,  the  amount 
of  infiltration  is  generally  not  a  major  concern  and  infiltra¬ 
tion  controls  would  only  apply  on  a  seasonal  or  storm  event 
basis.  Nonleachable  waste  areas  can  be  appropriately  closed 
witn  native  soil  covers.  Subsurface  percolation  can  pass  through 
tne  insoluble  waste,  but  little  or  no  contaminated  leachate 
would  be  generated.  In  the  situation  where  waste  processing  or 
solidification  is  incorporated  into  a  waste  containment  stra¬ 
tegy,  native  soil  covers  may  be  a  satisfactory  capping  approach. 

3.3.2  Process  evaluation  methodology.  In  the  design  and 
evaluation  of  native  soil  covers,  consideration  should  be  given 
to  soil  layer  thickness  ana  soil  type.  Cover  soil  thickness 
should  be  sufficient  to  protect  the  integrity  of  the  cover  from 
possible  damage  from  frost  effects  (as  described  within  subsec¬ 
tion  3. 2. 2. 2) »  and  should  be  capable  of  supporting  vegetation. 
Upper  soils  should  support  plant  growth,  and  care  should  be 
given  to  root  penetration  depths.  Proper  selection  of  vegeta¬ 
tion  for  shallow  root  penetration  should  be  a  part  of  the  design 
of  native  soil  covers. 

3.3.3  Materials  verification.  The  specific  application  of 
a  native  soil  cover  system  will  establish  the  materials  verifi¬ 
cation  program.  If  infiltration  reduction  is  not  a  primary  ob¬ 
jective,  then  the  native  soil  cover  will  be  serving  more  as  a 
physical  barrier  over  the  contaminated  area  and  a  medium  for 
vegetative  growth.  This  objective  could  be  met  by  a  clean  soil 
fill  material.  If  infiltration  reduction  is  a  primary  objective, 
the  native  soil  cover  will  more  closely  resemble  a  clayey  soil 
material.  In  both  cases  a  topsoil  layer  may  be  recommended  to 
help  establish  vegetative  growtn. 

The  material  characteristics  and  testing  parameters  for 
these  types  of  soils  are  listed  in  Table  5,  and  will  apply  in 
the  case  of  native  soil  covers. 
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3. 4  Soil/ bentonite  admixtures, 

3.4.1  Process  description.  A  low  permeability  soil/bento- 
nite  admixture  can  be  placed  as  the  cap  layer  in  the  multilayer 
cap  system  or  as  a  sinqle  layer  cap  system.  As  a  proven  capping 
technique  in  waste  management,  which  is  qaining  acceptance  in 
field  construction  applications,  soil/bentonite  admixtures  will 
oe  discussed  briefly  in  this  subsection.  These  admixtures  incor¬ 
porate  a  combination  of  natural  and  processed  bentonite  for  use 
in  many  cap  system  applications.  Soil/ bentonite  admixtures  can 
replace  a  natural  low  permeability  soil  (e.g. ,  clay)  layer  when 
appropriate  soil  deposits  are  not  available  or  cannot  be  used 
in  a  cost-effective  manner. 

The  process  typically  incorporates  a  qeotechnical  assessment 
of  the  available  soils  for  use  in  the  admixture  and  a  determin¬ 
ation  of  the  necessary  bentonite  application  rate  to  achieve  the 
desired  cap  effectiveness.  The  bentonite  is  placed  and  "admixed" 
with  the  soils,  and  tne  mixture  is  uniformly  spread  and  compact¬ 
ed.  The  bentonite,  once  hydrated  to  the  optimum  moisture  con¬ 
tent,  swells  to  fill  the  void  spaces  within  the  soil  layer,  and 
an  effective  seal  is  achieved  to  control  site  infiltration. 

Bentonite  contains  practically  the  same  chemical  constitu¬ 
ents  as  other  clay  substances,  but  its  unique  molecular  struc¬ 
ture  accounts  for  its  ability  to  absorb  many  times  its  own 
weight  in  water.  Bentonites  swell  significantly  in  the  process 
with  increases  at  full  saturation  ranqinq  up  to  15  times  their 
original  dry  bulx  (American  Colloid  literature).  This  swelling 
characteristic  may  create  problems  in  contaminated  waste  areas. 
In  the  presence  of  certain  chemicals,  natural  bentonites  may  un¬ 
dergo  significant  shrinkage  characteristics  with  absorbed  inter¬ 
stitial  water  being  driven  from  the  expanded  soils.  This  has  the 
net  adverse  effect  of  actually  increasing  the  permeability  of 
the  admixture.  (A  detailed  discussion  of  chemical  compatibility 
with  clay  is  discussed  in  Section  6.)  To  counteract  this  physi¬ 
cal  and  chemical  phenomenon,  processed  bentonites  have  been  mar¬ 
keted  with  certain  additives  to  reduce  the  potential  for  chemi¬ 
cal  attack  for  soil/ bentonite  applications  with  contaminated 
wastes. 


3.4.2  Process  evaluation  methodology.  The  desiqn  and  eval¬ 
uation  of  soil/bentonite  admixtures  incorporate  the  two  basic 
steps  of  appropriate  bentonite  admixture  selection  and  place¬ 
ment  of  the  soi 1/bentonite  layer.  The  final  result  of  the  eval¬ 
uation  is  the  determination  of  the  applicability  of  a  particular 
soi 1/bentonite  admixture  for  a  cap  system. 
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3.4. 2.1  Selection  of  bentonite  admixture.  To  effectively 
assess  the  applicability  of  soil/bentonite  surface  seals  or 
caps,  the  designer  must  establish  the  basic  requirements  of  the 
system  and  match  the  selected  admixture  with  these  requirements. 
Three  factors  should  be  a  part  of  this  bentonite  admixture 
selection  process.  These  include  the  followinq: 

(a)  Establish  waste  area  characteristics  and  compatibility. 

(o)  Assess  site-specific  qeotechnical  characteristics. 

(c)  Determine  required  bentonite  application  rates. 

Tne  compatibility  of  the  soi 1/oentonite  layer  with  the  con¬ 
tained  wastes  represents  a  key  issue  in  the  evaluation  of  such 
a  system.  Hiqh  levels  of  dissolved  salts  and  other  chemical  con¬ 
taminants  may  have  an  adverse  effect  on  the  swellinq  and  water- 
impeding  properties  of  bentonite  soils  (American  Colloid  litera¬ 
ture).  Chemically -treated  sodium-based  bentonites  have  been 
laboratory -tested  for  their  compatibility  with  certain  chemi¬ 
cals.  Althouqn  analyses  have  not  been  performed  on  all  of  the 
chemical  types  that  could  be  found  in  various  waste  materials, 
some  of  the  results  available  at  present  indicate  that  a  chemi¬ 
cally-treated  or  processed  bentonite  is  capable  of  maintaining 
an  effective  seal  in  the  presence  of  contaminated  wastes  (Ameri¬ 
can  Colloid  literature).  These  contaminant-resistant  bentonites 
may  provide  acceptable  application  to  a  soil/ bentonite  admix¬ 
ture.  Bentonite  vendors  are  in  the  process  of  establishing  a 
"shoppinq  list"  of  compatible  and  incompatible  wastes,  similar 
to  those  that  have  been  developed  tor  synthetic  liner  materials. 

A  second  important  factor  in  assessing  soil/ bentonite  admix¬ 
tures  is  consideration  of  geotechnical  characteristics.  An 
evaluation  of  the  soil  for  use  in  the  admixture  must  be  a  part 
of  the  cap  layer  design.  Some  important  qeotechnical  character¬ 
istics  to  be  assessed  include  the  following: 

(a)  soil  type. 

(d)  Porosity  and  void  ratio. 

(c)  Pore  size  distribution  and  gradation. 

(d)  Moisture  content. 

(e)  Atterberg  indices. 

In  general,  the  fine-qrained  soils  have  better  applicability 
with  bentonite  admixtures  since  their  pore  size  openings  are 
smaller  and  their  inherent  permeability  rates  are  less  than 
coarse-grained  soils  (WESTON,  1982).  Clay  soils,  however,  are 
an  exception.  The  cohesive  nature  of  clays,  in  general,  makes 
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admixinq  operations  difficult.  Ideal  soils  tend  to  be  inorganic 
silts  and  poo rly -graded  sand/silt  mixtures.  As  in  the  evaluation 
of  soil  materials  tor  other  containment  applications,  such  as 
the  multilayer  cap  system  and  native  soil  covers  (discussed  in 
the  previous  subsections  3.2  and  3.3,  respectively),  use  of  an 
established  soil  classification  system  should  be  incorporated. 

From  an  assessment  of  waste  compatibility  and  geotechnical 
characteristics,  the  appropriate  bentonite  type  and  application 
rate  can  be  determined  for  the  particular  situation.  For  most 
waste  management  applications,  a  chemically -treated ,  semigran- 
ular,  contaminant-resistant  bentonite  should  be  selected.  Docu¬ 
mentation  and  certification  of  the  contamination  resistance  of 
the  bentonite  admixture  should  be  established.  Application  rates 
(generally  referenced  in  pounds  bentonite  applied  per  square 
toot  of  soil)  are  dependent  on  the  soil  to  be  admixed  and  the 
degree  of  infiltration  control  desired,  to  achieve  low  perme¬ 
ability  rates  necessary  tor  in-place  containment  capping  appli¬ 
cations,  bentonite  application  rates  must  be  sufficient  to 
adequately  seal  off  the  soil  pore  spaces.  Typical  admixture 
layer  depths  may  range  from  6-24  inches,  and  typical  bentonite 
application  rates  may  range  from  2-10  pounds  per  square  foot 
(lb/sq  ft)  of  admixture  layer  (American  Colloid  literature; 
WESTON,  1982)  . 

To  confirm  the  compatibility  issues  and  application  rates, 
it  may  be  advisable  to  perform  bench-scale  testing.  These  serv¬ 
ices  are  offered  oy  various  vendors  and  soil  testing  laborator¬ 
ies. 


3. 4. 2. 2  Placement  of  bentonite  admixture.  Soil/ bentonite 
admixing  procedures  have  evolved  as  the  construction  applica¬ 
tions  have  grown.  Proper  design  of  the  soil/bentonite  cap  layer 
would  not  be  complete  without  assessing  potential  implementa¬ 
tion  and  construction  constraints.  Subgrade  soil  preparation 
must  be  performed  and  a  decision  about  the  bentonite  placement 
method  should  be  made.  Soil/ bentonite  admixing  may  be  accom- 
plisned  through  either  manual  or  mechanical  methods.  Table  6 
snows  a  brief  comparison  between  construction  steps  tor  the  two 
admixture  approaches.  Manual  placement  and  admixing  procedures 
were  utilized  during  the  early  soil/ bentonite  applications.  As 
construction  techniques  have  expanded,  mechanical  spreading  and 
discing  techniques  have  been  incorporated  to  enhance  process 
control.  The  greatest  level  of  quality  control  can  be  achieved 
through  bulk  admixing  of  the  soil  and  bentonite  in  a  pugmill  or 
equivalent  equipment  type,  and  mechanical  placement  of  the  ad¬ 
mixture  layer  using  an  asphalt  pavinq  or  equivalent  equipment 
type. 
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TABLE  6.  SOIL/BENTONITE  ADMIXTURE  APPROACHES 


Admixture 

approach 

Step 

Manual 

Meehan ica 

Subqrade  preparation 

Grade  soils 

Grade  soils 

bentonite  delivery 

Baqqed  bentonite  on 
flatbed  trucks; 
place  on  estaDlished 
soil  mixture  grid 
system. 

Bulk  truck  or 
car  with  convi 

Soil  conditioninq 

Hand-held  hose  or  wa 
tering  truck  to  ad¬ 
just  soil  moisture. 

-  Watering  truck 
adjust  soil  me 
ture. 

Spreading 

Open  bentonite  bags 
and  rake  spread  onto 
surface. 

Fertilizer  or 
lime  spreader, 
pugmill  mixing 
bentonite  and 
to  be  spread  w 
asphalt -type  e 
ment . 

Discinq 

Rototiiler  or  ro¬ 
tary  tiller . 

Agricultural  d 
or  spnnq-toot 
harrow;  discin 
not  necessary 
pugmill  mixing 
technique . 

Compaction 

Roller  with  vibra¬ 
tor  . 

Roller  with  vi 
brator . 

Top  cover  placement 

Place  till  or  next 
cap  system  layer. 

Place  fill  or 
cap  system  lay 
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3. 5  Geotextile  fabrics. 

3.5.1  Process  description.  Over  the  past  tew  years,  the 
use  of  synthetic  fabrics  has  expanded  to  widespread  acceptance 
throuqhout  the  construction  industry.  Synthetic  fabrics  have 
been  used  in  construction  for  road  enforcement,  separation  of 
materials,  erosion  control  systems,  and  flexible  forms.  These 
construction  applications  place  specific  emphasis  on  improvement 
of  subqrade  conditions  common  to  heavy  construction  and  qeotech- 
nical  enqineerinq  problems.  Throuqn  the  manufacture  of  imperme¬ 
able  synthetic  fabrics,  the  cateqory  of  impermeable  liner  mate¬ 
rials  has  emerqed  (synthetic  liner  materials  are  discussed  in 
detail  in  Section  4  of  this  document).  This  subsection  des¬ 
cribes  and  evaluates  the  use  of  synthetic  construction  fabrics 
(qeotextile  faeries  or  qeotextiles)  as  possible  components  with¬ 
in  an  in-situ  containment  system.  It  is  not  likely  that  qeo¬ 
textiles  oy  themselves  can  serve  as  a  closure  alternative  but 
can  be  used  as  a  component  with  a  multilayer  or  sinqle  layer 
cover  system. 

The  majority  of  the  construction  qeotextiles  that  are  cur¬ 
rently  in  use  incorporate  three  synthetic  materials  in  their 
production,  i.e.,  nylon,  polyester,  and  polypropylene  (olefin) 
(Koerner,  ly80) .  Geotextile  fabrics  may  be  characterized  as 
either  woven  or  nonwoven,  accordinq  to  the  production  technique. 
Woven  faorics  incorporate  the  techniques  developed  within  the 
clothinq  and  textiles  industry  to  produce  a  synthetic  cloth  of 
specific  weave.  Nonwoven  fabrics  comprise  the  bulk  of  the  con¬ 
struction  qeotextile  industry,  and  are  composed  of  textile  fl¬ 
eers  bonded  toqether  by  resins,  other  bondinq  aqents,  or  mechan¬ 
ical  processinq.  The  manufacture  of  nonwoven  fabrics  qenerally 
includes  fiber  preparation,  web  formation,  web  bondinq,  and 
post  treatment  to  produce  a  smooth  uniform  fabric  mat. 

Many  manuf actur inq  processes  exist  for  production  of  nonwov¬ 
en  qeotextile  fabrics,  but  the  majority  are  manufactured  throuqh 
needle -punched  or  spun-bonded  processes.  The  needle -punched 
process  incorporates  specially  desiqned  needles  to  trap  the  fi¬ 
brous  web  material  between  a  bed  plate  and  a  stripper  plate,  as 
shown  on  Fiqure  ly .  The  needles  mechanically  bond  the  individual 
fibers  by  punchinq  throuqn  the  fiber  web  and  reorientinq  the 
fiber  positions.  Needle -punched  fabrics  qenerally  retain  bulk 
characteristics  while  exhibitmq  hiqh  densities,  and  typically 
are  used  in  construction  as  filter  media  or  roadbed  base  materi¬ 
al. 
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Production  technique  1:  Needle-punched  process 


Production  technique  2:  Spun-bonded  process 


Polymer 

extrusion 


Winding 


cm 


Adapted  from  INDA,  Association  of  Nonwoven  Fabrics  Industry 


Figure  19.  Typical  production  techniques 

for  nonwoven  geotextile  fabrics. 


The  spun-bonded  process »  as  shown  on  Fiqure  ly,  produces  a 
continuous  fabric  ot  extruded  fibers.  Polymers  are  placed  into 
an  extruder  where  continuous  tioers  are  produced  and  forced 
tnrough  a  series  of  spinnerets.  Once  cooled,  the  fiber  filaments 
undergo  a  lay-down  process  on  a  movmq  conveyor  to  form  a  con¬ 
tinuous  web  exhibiting  the  desired  fiber  orientation.  Thermal, 
mechanical,  or  cnemical  treatment  is  used  to  oond  the  fiber  web, 
producing  the  final  fabric  olanket.  A  wide  ranqe  ot  fabric  char¬ 
acteristics  are  attained  by  controlling  the  various  spun-bonded 
process  elements.  Because  of  continuous  fiber  production,  spun- 
bonded  fabrics  exnibit  hiqh  performance  and  low-weight  charac¬ 
teristics.  Their  uses  are  varied  throughout  the  construction 
industry. 

Geotextile  faorics  are  rapidly  oecoming  commonplace  in  the 
construction  industry.  The  number  and  type  of  appropriate  appli¬ 
cations  are  continuously  expanding  because  of  rising  labor  costs 
and  increasing  problems  with  locally  available  soil  materials. 
Construction  geotextile  fabrics  may  be  applied  to  serve  four 
basic  functions  for  a  waste  containment  strategy,  as  follows: 

(a)  Separation. 

(b)  Reinforcement. 

(c)  Drainage. 

(d)  Erosion  control. 

3. 5. 1.1  Separation  applications.  One  of  the  functions  that 
geotextile  fabrics  can  provide  to  a  containment  strategy  is  the 
separation  of  dissimilar  material  layers  to  enhance  the  geotech¬ 
nical  properties  ot  the  subgrade  soils.  A  fabric  boundary  may 
be  placed  between  two  differing  soil  layers  to  eliminate  the 
migration  and  loss  ot  soil  fines  into  underlying  coarse -grained 
soils.  For  example,  a  geotextile  may  oe  used  in  a  multilayer 
cover  system  and  placed  between  the  drain  layer  and  the  upper 
soil  layer.  The  geotextile  will  prevent  soil  fines  in  one  upper 
son  layer  from  migrating  into  tne  drain  layer,  thereby,  result¬ 
ing  in  clogging. 

Separation  geotextile  fabrics  can  reduce  the  effects  of 
settlement,  frost  action,  and  roadbed  deterioration,  and  may 
enhance  the  permeability  and  strength  characteristics  of  the 
subgrade  soils.  Geotextiles  have  been  successfully  applied  to 
separate  dissimilar  zoned  sections  within  embankments  and  dams 
to  provide  a  separation  boundary  for  temporary  placement  of 
stone  or  other  materials  (as  surcharge  loads  for  soft  soils  or 
downstream  berms  for  unstable  slopes) ,  and  to  separate  frost- 
susceptible  soils  into  distinct  layers,  reducing  capillary  flow 
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continuity.  These  types  of  uses  may  have  application  as  compo¬ 
nents  within  the  overall  construction  scope  of  an  in-situ  clo¬ 
sure  project. 

3. 5. 1.2  Reinforcement.  The  use  of  construction  geotextiles 
for  the  reinforcement  of  unstable  subqrade  soils  serves  as  a 
major  functional  application  to  waste  containment.  The  placement 
of  the  qeotextile  decreases  the  effective  unit  vertical  stress 
of  an  applied  load.  The  fabric  decreases  the  level  of  stress  en¬ 
countered  in  the  foundation  soil  by  creating  a  pathway  to  in¬ 
crease  the  horizontal  snear  stresses.  Applied  loads  place  the 
fabric  m  tension,  which  spreads  the  loads  over  larger  areas  and 
decreases  its  intensity.  Through  this  reinforcement,  the  stabil¬ 
ity  of  weak  subgrade  soils  is  improved,  the  deqree  of  soil  set¬ 
tlements  is  decreased,  and  tne  likelihood  of  subgrade  failure 
is  reduced. 

Reinforcing  geotextiles  have  oeen  applied  successfully  in 
the  construction  of  temporary  site  access  roads  above  marsh  and 
swamp  areas,  construction  above  unstable  permafrost  soils,  and 
the  construction  of  taonc  walls.  Geotextile  fabrics  have  been 
used  in  situations  of  marginal  to  poor  soil  characteristics 
where  subgrade  removal  is  necessary.  Geotextiles  have  been  used 
to  reinforce  and  increase  tne  stability  of  embankments  and  dams 
and  as  containment  for  soils  that  would  normally  spread  later¬ 
ally  under  applied  loads. 

3. 5. 1.3  Drainaqe  applications.  The  control  of  subsurface 
drainage  can  present  major  design  concerns  in  the  consideration 
of  a  waste  containment  strateqy.  Sand,  gravel,  or  aggregate  flow 
zone  layers  are  typically  placed  as  part  of  a  multilayer  cap 
system.  Construction  geotextiles  can  be  well-suited  to  the  con¬ 
trol  of  subsurface  drainaqe.  Drainage  fabrics  can  be  installed 
in  place  of  or  as  part  of  a  soil  drain  layer  in  many  acceptable 
and  economical  applications. 

Subsurface  drainage  theory,  developed  by  Terzaqhi,  incor¬ 
porates  successively  finer  or  coarser  soil  layers  to  prevent  mi¬ 
gration  of  soil  wnile  conducting  flowing  water  (Lambe,  Whitman, 
1969).  Placement  of  soil  cap  layers  is  expensive  and  labor- 
intensive  and  may  require  large  quantities  of  different  granular 
soil  types.  The  use  of  drainage  geotextiles  in  place  of  these 
graded  filters  can  more  economically  prevent  the  migration  of 
soil  fines.  Geotextiles  can  be  used  to  reduce  required  subqrade 
excavations,  to  decrease  the  probability  of  trench  cave-ins,  and 
reduce  construction  times.  Drainage  geotextiles  have  been  ap¬ 
plied  successfully  in  underdrain  systems,  behind  retaining 
wails,  and  as  fabric  drains  to  accelerate  settlement. 


3. 5. 1.4  Erosion  control.  Construction  qeotextiles  can  be 
readily  applied  to  control  surtace  and  subsurface  soil  erosion. 
In  many  situations  an  erosion  control  qeotextile  acts  as  both  a 
separation  layer  and  a  drainaqe  layer.  Erosion  control  fabrics 
can  be  placed  beneath  a  stone  layer,  qabions  or  riprap  actinq  as 
a  boundary  layer  to  protect  slopes  adjacent  to  flowinq  water. 
Fabrics  can  protect  water  and  sewer  outfalls  aqainst  erosion, 
and  can  be  used  as  silt  fencinq  to  prevent  wind  and  water  ero¬ 
sion  of  soil  fines. 

3.5.2  Process  evaluation  methodoloqy.  The  methodoloqy  for 
selection  of  a  qeotextile  for  use  witnin  the  desiqn  of  an  in- 
situ  containment  project  requires  evaluation  of  several  primary 
elements.  These  include  the  followmq: 

(a)  Desired  application. 

(d)  Site-specific  conditions. 

(c)  Geotextile  properties. 

Once  the  qeotextile  is  selected  other  factors  must  be  inves- 
tiqated  to  specify  construction  requirements  and  performance 
ver if icat ion/ test inq.  This  decision  methodoloqy  is  depicted  on 
Fiqure  20  and  will  be  discussed  further  in  the  suosections  that 
follow. 


3. 5. 2.1  Assessment  of  site  conditions  and  potential  appli¬ 
cations.  A  necessary  aspect  in  the  selection  of  an  appropriate 
construction  qeotextile  involves  matchinq  the  site-specific  qeo- 
technical  conditions  and  desired  applications  with  candidate 
fabrics.  Tnree  oasic  qeotechnical  site-specific  conditions  form 
tne  basis  of  tnis  assessment.  Each  addresses  a  potential  concern 
of  a  particular  m-situ  waste  containment  strateqy,  and  incor¬ 
porates  specific  qeotechnical  desiqn  parameters.  These  site- 
specific  qeotechnical  conditions  are  briefly  discussed  in  this 
subsection  and  include  the  followmq: 


(a)  Subqrade  stability 
(d)  Subqrade  drainaqe. 
(c)  Soil  erosion. 


Figure  20.  Methodology  for  selection  of  geotextHe  fabrics. 


Suograde  stability  -  Foe  application  of  geotextiles  to  rein¬ 
force  weak  or  unstaole  subgrades,  designers  typically  employ  the 
Boussinesq  Theory.  The  Boussinesq  equation,  as  follows,  assesses 
the  stress  mobilization  of  vertical  loads  tnroughout  a  radial 
distribution  from  the  application  point  of  the  load  (Taylor, 
1948)  . 


T 


r 


o  3 

3  sm*  e  cos  e- 


(1-2m)  cos 
1  +  cos  e 


Where:  Tr  =  Radial  stress. 

p  =  Applied  surface  load. 

Z  =  Deptn  to  point  considered, 
e  =  Angle  from  load  application 
to  point  considered, 
vi  =  Poisson's  ratio  tor  the  soil. 


(13) 


Directly  beneatn  the  surface  load,  the  subgrade  material  is 
placed  in  tension.  Tensile  stresses  are  maximum  near  the  surface 
and  decrease  witn  depth.  Weak  or  unstable  subgrade  conditions 
(e.g.,  material  with  a  low  value  tor  Poisson's  ratio)  reduce  tne 
capacity  to  adequately  transfer  vertical  loads  in  the  horizontal 
direction  radially  about  the  point  of  load. 

A  geotextile  placed  beneath  the  affected  weak  subgrade  en- 
nances  the  subgrade  stability  by  placing  the  fabric  in  tension 
and  reduces  the  stress  intensity  at  depths  below  the  fabric.  The 
component  of  tne  applied  loads  tnat  are  carried  directly  by  the 
subgrade  soil  is  reduced,  and  its  ultimate  load-bearing  capacity 
is  increased. 


The  designer  is  given  the  option  of  improving  a  soil's  sub¬ 
grade  stability  by  placing  a  geotextile  layer,  which  in  most 
cases  is  more  cost  effective  than  removing  or  enhancing  the  sub¬ 
grade  through  other  methods,  fbr  applications  to  site  access 
roadbeds,  placement  of  a  qeotextile  can  decrease  the  thickness 
of  the  compacted  aggregate  base  material  (as  shown  on  Figure 
21) .  In  situations  where  there  is  virtually  no  subgrade  bearing 
capacity,  a  geotextile  can  provide  the  necessary  support  for  ap¬ 
plied  loads.  Sludge  basins  may  exhibit  minimal  bearing  capacity 
depending  on  the  type  of  waste  material  and  moisture  content.  A 
final  cover  system  could  not  be  placed  over  this  type  of  basin 
unless  the  subgrade  exhibited  sufficient  load-bearing  capabili¬ 
ty.  The  use  of  a  geotextile  anchored  and  placed  over  the  waste 


Compacted  aggregate  depth,  2,  inches 


CBR  value 
Subgrade  strength 

Adapted  from  Mirafi,  "Ground  Stabilization  Fabrics  .Design  Guidelines" 


Figure  21.  Typical  subgrade  stabilization  curves. 


material  may  be  considered  a  means  o£  improving  the  load-bearing 
capacity  over  the  basin  area  prior  to  placement  of  a  cover  sys¬ 
tem.  Tnis  concept  is  depicted  on  Figure  22.  For  the  type  of  ap¬ 
plication  shown  on  tnis  figure,  the  geotextile  material  must  be 
compatible  with  the  waste  material  in  the  basin. 


Oeotextiles  can  be  used  to  improve  slope  stability  problems. 
Typically,  slope  stability  is  determined  based  on  its  resistance 
to  failure,  referred  to  as  a  factor  of  safety  against  failure 
(FS)  .  For  circular  arc  types  of  failure,  a  failure  mode  typical 
for  earthen  slopes,  the  following  relation  is  evaluated  (Koer- 
ner  ,  198  0): 


resisting  moments  to  failure 
driving  movements  for  failure 

r  LR 
Wx 


Wnere:  T  =  Snear  strength  of  soil  along  tne  arc 

length  L. 

R  =  Radius  distance  from  tne  failure  arc 
to  the  hypothetical  center  of  the 
slide. 

W  =  Weight  of  soil  mass  in  the  potential 
slide . 


X  =  Projected  horizontal  distance  from  the 
sliding  mass  center  of  gravity  to  the 
hypothetical  slide  center. 


(14) 


The  shear  strength  is  not  a  vanaole  since  it  represents  a 
characteristic  of  the  soil.  The  other  terms  in  the  equation  are 
variables,  and  as  such,  can  be  altered  by  site  work  activities. 
In  poor  slope  stability  situations  (soils  exhibiting  FS  1.0), 
geotextile  fabrics  can  be  placed  to  increase  the  factor  of  safe¬ 
ty  against  failure.  Placement  of  the  fabric  across  the  potential 
failure  plane  shifts  and  increases  the  arc  length  of  the  failure 
surface.  The  fabric  is  placed  in  tension  and  carries  a  portion 
of  the  applied  shear  loading.  The  modified  critical  failure  sur¬ 
face  is  changed,  as  new  failure  planes  must  extend  beyond  the 
fabric  into  less  critical  failure  surfaces.  Figure  23  shows  this 
shift  in  the  failure  surface  and  the  subsequent  improvement  in 
embankment  stability.  Appropriate  geotextiles  must  exhibit  high 
strength  properties  as  well  as  good  resistance  to  creep. 
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Figure  22.  Load-bearing  geotextile  for  improved  subgrade. 


Fabric 


Modified  failure 
surface  of  longer 
arc  length  due 
to  fabric  placement 


Adapted  from  Koerner,  1980 


Figure  23.  Application  of  geotextiles  to  slope  stability  improvements. 


'i'nis  type  ot  use  may  De  applicable  to  m-situ  closure  of  ba¬ 
sins  in  the  follow  cases: 

(a)  An  existing  dike  or  berm  must  be  upqraded  or  improved 

in  order  to  ensure  lonq-term  stability. 

(b )  A  new  diKe  or  berm  must  be  constructed  out  the  shear 

strenqth  of  the  soils  is  poor. 

(c )  An  existinq  dike  or  berm  must  be  increased  in  heiqht 

and  improved  stability  is  desired. 

As  can  be  seen  this  type  of  application  would  be  only  appli¬ 
cable  to  "above -grade "  has ins/laq oons  with  earthern  berms. 

Subgrade  drainage  -  Geotextiles  can  be  applied  to  enhance 
subgrade  drainage  in  the  desiqn  of  an  underarain  system,  as  with 
tne  lining  of  a  qroundwater  interceptor  trench  and  as  a  base  ma¬ 
terial  in  earthen  dams  and  retaining  walls.  The  use  of  a  drain¬ 
age  fabric  within  a  subsurface  trench  can  significantly  reduce 
tne  quantity  ot  required  backfill  by  eliminating  the  required 
use  of  filter  material  (as  shown  on  Fiqure  24a). 

Earthen  dams  typically  incorporate  a  zoned  or  segmented  con¬ 
struction  approach,  utilizing  component  layers  tnat  include  rip¬ 
rap  on  the  impoundment  side,  an  impermeable  clay  corewall,  and  a 
chimmey  drain  and  drainage  qallery  to  transfer  and  direct  sub¬ 
surface  flow.  Geotextiles  can  be  placed  (as  shown  on  Fiqure  24b) 
to  enhance  the  function  of  each  of  these  component  layers.  Geo¬ 
technical  desiqn  factors  to  be  considered  when  evaluating  the 
use  of  drainaqe  qeotextiles  in  earthen  dams  include  permeability 
(cross-plane  and  lateral  m-place)  ,  clogging  potential  (fabric 
openinq  size),  strength,  and  lonq-term  durability. 

In  the  desiqn  ot  retairv-inq  walls,  consideration  is  given 
typically  to  reduction  of  hydrostatic  pressure  from  the  retained 
soils  behind  the  wall.  If  relief  ot  hydrostatic  pressure  throuqh 
adequate  drainaqe  is  achieved,  the  earth  pressure  acting  on  the 
wall  is  reduced.  The  removal  of  water  from  the  backfill  behind  a 
retaining  wail  is  generally  accomplished  throuqh  the  placement 
ot  a  12  to  24-incn  layer  of  niqh  permeability  soil  directly  be¬ 
hind  the  wall  and  throuqn  construction  of  drainaqe  weep  holes 
tnrougn  the  wall.  As  Fiqure  24c  shows,  drainaqe  qeotextiles  can 
enhance  tne  construction  of  such  a  filter  layer  and  can  reduce 
or  potentially  eliminate  tms  layer.  The  selected  geotextile 
fabric's  in-plane  permeability  is  the  Key  desiqn  parameter  to  be 
considered. 
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a  Potential  cross-sections  of  a 
geotextile-lined  underdrain 
and  interceptor  trench 


b  Cross-section  of  zoned  earth 
dam  with  geotextile 
applications  (dashed  lines 
show  locations  of  fabric) 


c  Potential  cross-sections  of 
geotextiles  places  behind 
a  retaining  wall 


Fabric  with 

high  in-plane  permeability 
directly  against  wall 


Source:  Adapted  from  Koerner,  1 980 

Figure  24.  Potential  applications  of  drainage  geotextile  fabrics. 


Possible  applications  to  m- situ  closure  would  be  toi 
instances  when  the  closure  plan  incluaes  the  following: 

(a)  A  qroundwater  interception  trench. 

(b)  An  underdram  (trench  drain)  system. 

(c)  A  dam  or  retaininq  wall. 

Soil  erosion  control  -  The  prevention  of  soil  erosion 
primary  concern  in  the  application  of  almost  every  wast 
tainment  strateqy.  Veqetation  represents  a  qood  soil  e 
preventative  measure,  provided  critical  slopes  are  not  e 
tered  to  prohibit  vegetative  qrowtn.  Standard  types  of  pav 
including  concrete,  aspnait,  riprap,  and  qabions,  have  be 
plied  successfully  as  well.  Geotextile  mesa  sections  am 
can  De  used  to  prohibit  the  loss  of  seed  and  vegetation 
germination,  ano  because  they  are  made  of  persistent  synth 
tacnc  mats  can  provide  lonq-terin  erosion  protection. 

Construction  geotextiles  have  been  used  to  replace  c 
hance  tne  function  of  granular  filters  beneatn  erosion  o 
structures.  When  fabrics  are  placed  in  these  situations,  o 
eration  must  be  qiven  to  the  effects  of  harsh  envir onmenta 
ditions.  The  desiqn  of  such  erosion  control  geotextiles  mu: 
corporate  the  following  fabric  properties: 

(a)  Hiqn  permeability. 

(b )  Hiqn  tensile  strength  and  elongation. 

(c)  Good  resistance  to  tear  and  puncture. 

(d )  Lonq-term  durability  and  resistance  to  ultraviol< 

qradation . 

A  significant  problem  presented  through  erosion  is  the 
of  tine-qrained  soils  from  water  and  wind  movement.  Fabric 
fencing  can  be  incorporated  to  sieve  out  fine  particles 
pended  in  flowing  water  or  to  prevent  the  movement  of  sc 
wind  forces. 

Primary  applications  of  erosion  control  geotextiles  \ 
an  m-situ  closure  project  may  include  the  following: 

(a)  Silt  fences. 

(o)  Filter  media  in  a  rocK  dam. 

(c)  Matting  to  prevent  washout  of  vegetation  se< 

slopes . 

(d )  Filter  media  tor  sedimentation  oasin  drains. 


3.5.2. 2  Evaluation  of  qeotextile  properties;  materials  ver¬ 
ification.  Once  the  site  conditions  and  desired  application 
tor  the  qeotextile  have  been  determined,  a  qeotextile  fabric 
must  be  selected  based  on  its  properties.  The  performance  of  a 
construction  qeotextile  will  only  be  as  qood  as  the  weakest  fab¬ 
ric  property  that  it  exhibits.  Laboratory  testinq  results  are 
typically  incorporated  into  an  evaluation  of  qeotextile  proper¬ 
ties.  Table  7  describes  the  various  laboratory  tests  utilized 
to  assess  the  physical,  mechanical,  hydraulic,  and  performance 
properties  of  construction  fabrics. 

The  qeotextile  fabric  should  be  tested  to  verify  that  the 
material  beinq  supplied  will  meet  the  required  specifications. 
This  is  the  first  step  in  the  overall  system  verification  proc¬ 
ess.  If  the  material  does  not  meet  the  stated  specifications, 
failure  of  a  component  in  the  in-situ  closure  desiqn  may  result. 

Laboratory  testinq  should  address  several  or  all  (dependinq 
on  application)  of  the  tests  shown  in  Table  7,  but  also  compati¬ 
bility  testinq  between  the  waste  and  fabric  material  if  appro¬ 
priate. 

3.6  Bio-barrier  systems. 


3.6.1  Process  description.  One  concern  reqardinq  the  lonq- 
term  inteqrity  of  cap  systems  for  use  in  an  in-place  containment 
strateqy  is  the  potential  intrusion  into  cover  soils  by  plant 
roots  and  burrowinq  animals.  The  burrowinq  animals  are  more  of  a 
problem  in  western  states,  {e.q.,  prairie  doqs) .  The  useful  life 
of  cap  materials  may  be  subject  to  a  number  of  physical,  chemi¬ 
cal,  and  bioloqical  factors.  Plant  and  animal  breachinq  of  the 
cap  materials  may  lead  to  increased  infiltration  and  a  decline 
in  the  overall  efficiency  of  the  cap  system  for  minimizinq  in¬ 
filtration.  Furthermore,  burrowinq  animals  in  western  states 
have  been  known  to  excavate  larqe  areas  for  habitation  in  soft 
clay  soils  and  may  carry  waste  materials  to  the  surface  of  the 
site  (Battelle,  May  1982).  Physical  and  chemical  bio-barrier 
systems  have  been  studied  for  application  in  waste  containment, 
specifically  in  the  lonq-term  containment  of  uranium  mill  tail- 
s 
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TABLE  7.  LABORATORY  TESTING  OF  GEOTEXTILES 


Testmq  Faonc  Standard  Description/ 

category  property  test  relevance 


I.  Physical 
properties 

Weight 

Thickness 

AS  TM  D  1810 

ASTM  D  1777 

Mass  per  unit  area. 

Distance  between  the 
upper  and  lower  fab¬ 
ric  surface  under  a 
specified  pressure. 

Compressibility 

AS1M  D  1777 

The  fabric's  thick¬ 
ness  response  to  var¬ 
ying  pressures;  com¬ 
pressibility  modulous 
is  slope  of  curve. 

II.  Mechanical 
proper  t'.es 

Strip  tensile 
strength 

ASTM  D  168  2 
and  D751 

Full  width  of  fabric 
specimen  gripped  and 
pulled  (loaded  in 

tension)  to  failure. 

Grab  tensile 
strength 

ASTM  D  1682 
and  D  751 

Portion  of  the  speci- 
man  width  gripped  and 
loaded  in  tension  to 
failure;  nonloaded 
portion  of  fabric 
provides  transverse 
stiffness. 

Biaxial  tensile 
str  ength 

Mod i f  ed 

D  1682 

"t"  shaped  specimen 
gripped  and  loaded  in 

tension  in  perpendic¬ 
ular  directions;  use¬ 
ful  in  understanding 
fabric  deformation 
properties  under  more 
accurate  field  condi¬ 
tions  . 


TABLE  7.  (CONTINUED) 


Testing 

category 

FaDr ic 
proper  ty 

Standard 

test 

Descr lption/ 
relevance 

Elongation 

AS  1M  D  1682 

Percentage  of  speci¬ 
men  elongation  meas¬ 
ured  under  various 
tensile  strength 
testing  loads  as  the 
final  elongation  di¬ 
vided  oy  the  original 
leng  th . 

Creep  benavior 

AS  T.M  D  2190 
(research 
stage ) 

The  reiationsip  of 
elongation  with  re¬ 
spect  to  time,  refer¬ 
enced  as  a  percentage 
ratio  of  an  elonga¬ 
tion  at  a  specified 
time  to  the  initial 
fabric  elongation. 

Abrasion 

resistance 

AS  TM  D  1175 

Measurement  of  the 
wearing  away  of  fab¬ 
ric  by  abrasion  from 
another  surface;  re¬ 
ported  as  percentage 
weight  loss. 

III.  Hydraulic 
properties 

For  os lty 

Scanning  devices  to 
identify  fabric  pore 
sizes,  or  Corps  of 
Engineers  equivalent 
opening  size  (EOS)  as 
a  modified  sieve 
analysis  for  the  fab¬ 
ric. 

Water  perme¬ 
ability 

Model  water  permea¬ 
bility  of  the  fabric 
as  done  with  soils; 
referenced  as  flow 
rate  velocity. 
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TABLE  7. 

(CONTINUED) 

Testinq 

cateqory 

Faor ic 
pr oper ty 

Standard 

test 

Descr iption/ 
relevance 

Planar  water 
f  low 

Measurement  ot  the 
faoac's  ability  to 
transmit  water  m  a 
horizontal  direction 
witnin  the  fabric 
plane . 

Soil  retention 
or  pipinq 

Measurement  ot  the 
fabric's  ability  to 
filter  and  retain 
soils  and  to  act  as  a 
silt  curtain  at  vari¬ 
ous  flow  velocities. 

IV.  Endurance 
properties 

Chemical 
r  esistance 

AS TM  D  543 

Provisions  for  meas¬ 
uring  chanqes  in 
weiqnt,  appearance, 
dimensions,  and 
strength  under  stand¬ 
ard  chemical  rea¬ 
gents  . 

weather/ultra¬ 
violet  resistance 

ASTM  D  14  3  5 

Provisions  for  out¬ 
door  or  other  expo¬ 
sure  simulation  to 
various  weather  and 
ultraviolet  light 
conditions . 

Temperature 

resistance 

ASTM  D  7y4 
and  D796 

Measurement  of  the 
effects  of  extreme 
variations  in  expo¬ 
sure  temperatures. 

Burial 

deter ioration 

Measurement  of  the 
effects  of  various 
soil  conditions  of 
organic  content,  pH, 
and  microorganism 
content. 
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In  some  climatic  and  geographical  areas,  a  plant  root  "bar¬ 
rier"  may  be  needed  to  prevent  roots  from  damaqinq  the  inteqrity 
of  a  cap  system.  Some  laboratory  and  field  experience  has  been 
qained  in  the  use  of  stable  polymeric  carrier/delivery  systems 
(PCD)  to  limit  the  potential  intrusion  of  plant  roots  (Burton 
et  al.,  1978).  A  PCD  system  should  be  desiqned  to  perform  the 
followinq  functions  (Battelle,  September  1982): 

(a)  Provide  a  vehicle  (polymer)  that  controls  the  release 

rate  of  the  biocide  into  the  soil  near  the  barrier 
for  an  extended  period  of  time. 

(b)  Select  the  biocide  to  be  compatible  with  veqetation 

proqrams  to  stop  root  elonqation  at  the  barrier. 

(c)  Maintain  an  effective  biocide  concentration  in  a  speci¬ 

fied  depth  of  soil  and  limit  migration  into  the  rest 
of  the  plant  root  zone  to  allow  normal  root  growth 
above  the  barrier. 

Burrowing  animals  have  been  identified  in  buried  waste 
areas.  Some  of  the  burrowing  animals  of  concern  include,  but  are 
not  limited  to,  blacktailed  hares,  badgers,  marmots,  prairie 
dogs,  qround  squirrels,  pocket  qophers,  kanqaroo  rats,  pocket 
mice,  and  chipmunks  (Battelle,  May  1982;  Battelle,  September 
1982).  Blacktailed  hares  were  found  burrowinq  in  a  radioactive 
waste  disposal  site  and  exposing  radioactive  salts  (O'Farrell 
et  al. ,  1975).  At  that  radioactive  site,  an  asphalt  coatinq  was 
placed  as  a  bio-barrier  over  the  burrowed  area.  Test  results 
indicated  that  the  asphalt  pad  was  successful  in  isolating  the 
wastes  from  the  burrowinq  blacktailed  hares  (Uresk  et  al., 
1975)  . 

Development  of  bio-barriers  has  not  reached  the  wide-scale 
implementation  stage  at  present,  but  laboratory  test  results  in¬ 
dicate  favorable  potential  applications  in  waste  management.  Po¬ 
tential  bio-barriers  may  include,  but  are  not  limited  to,  the 
following  materials: 

(a)  Crushed  rock  or  aqgreqate  layers. 

(b)  Asphalt  emulsion  layers. 

(c)  Multilayer  combinations  of  pea  gravel,  rock,  clay  mix, 

sand,  or  asphalt  emulsion. 

(d)  Geotextile  fabrics,  reinforced  fabrics,  qeotextile 

mesh. 
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3.6.2  Process  evaluation  methodology. 

3.6. 2.1  Root  system  bio-barriers.  Herbicides  have  been  in 
use  for  many  years  to  control  the  qrowth  of  plants,  but  sinqle 
applications  result  in  much  hiqher  concentrations  than  are  nec¬ 
essary  to  control  plant  qrowth.  Dependinq  on  site-specific  con¬ 
ditions,  the  herbicide  concentration  in  the  soil  decreases  with 
time  to  a  point  where  its  remaininq  biocide  action  is  less  than 
the  minimum  effective  level  to  control  qrowth.  Controlled  re¬ 
lease  devices  can  effectively  maintain  a  specified  herbicide 
dose  in  the  soil  for  prolonqed  periods  of  time.  Polymers  have 
been  shown  to  be  excellent  delivery  systems  because  they  can 
function  as  a  herbicide  reservoir  and  as  a  herbicide  release- 
requlatinq  mechanism,  and  can  protect  the  herbicide  from  degra- 
dation  (Battelle,  September  1982) .  Fiqure  25  shows  the  time-de¬ 
pendent  relationship  of  herbicide  concentrations  in  the  soil  for 
sinqle  applications  and  controlled  release  doses. 

From  the  results  of  a  study  conducted  by  Battelle,  the  use 
of  time-controlled  release  herbicides  from  PCD  systems  would  be 
effective  in  limitinq  deep  root  penetration.  Laboratory  tests 
indicated  successful  applications  of  the  herbicide  trifluralin 
in  sheets  of  polymers  that  were  placed  in  veqetated  plant  col¬ 
umns  (Battelle,  September  1982).  The  herbicide-treated  polymer 
sheets  inhibited  the  penetration  of  plant  roots  for  the  desired 
lenqth  of  time  (see  Fiqure  26)  . 

Field  tests  were  developed  to  assess  the  actual  applications 
of  PCD  systems  to  waste  management.  Those  results  indicated  that 
a  PCD  system  in  pellet  form  would  be  an  effective  and  desirable 
method  to  control  the  release  of  a  herbicide  in  the  field.  Cy- 
1  indr ically-shaped  pellets  could  be  placed  to  supply  a  time-re¬ 
leased  dose  of  trifluralin  herbicide  for  an  active  period  of  up 
to  100  years.  Additional  work  remains  to  assess  the  lonq-term 
durability  of  time-released  PCD  capsules,  the  effects  of  temper¬ 
ature  on  release  rates,  and  any  supplemented  methods  that  could 
be  developed. 

3.6.2. 2  Animal  intrusion  bio-barriers.  A  second  major 
function  of  a  bio-barrier  is  to  prohibit  the  intrusion  of  the 
multilayer  cap  system  by  animals.  In  field  work  at  radioactive 
tailinqs  disposal  sites,  burrowing  animals  were  studied.  Prairie 
doqs  and  ground  squirrels  were  two  animal  species  of  predominant 
concern.  Ground  squirrels  are  medium-sized  burrowers,  while 
heavier  prairie  doqs  are  capable  of  more  destructive  burrowinq. 
At  two  test  facilities,  animal  bio-barriers  were  studied  for 
their  effectiveness. 
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Figure  25.  Time-dependent  comparison  of  herbicide  levels  in  soils. 


Three  types  of  bio-barriers  were  placed  in  test  pens  (see 
Fiqure  27)  in  which  ground  squirrels  and  prairie  dogs  were  in¬ 
troduced.  The  results,  althouqh  not  totally  successful  or  con¬ 
clusive,  showed  some  promise.  Ground  squirrels  did  not  penetrate 
any  rock  barrier,  asphalt  emulsion,  or  multilayer  earth  seal. 
Prairie  doqs,  however,  were  able  to  penetrate  a  rock  barrier 
constructed  from  1-1  1/2  inch  crushed  stones.  Additional  re¬ 
search  and  field  tests  should  be  conducted  with  barriers  made 
from  larger  angular  rocks  (to  prevent  intrusion  of  larger  bur¬ 
rowing  animals) ,  geotextiles  and  reinforced  fabrics,  and  mesh 
layers. 
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Figur0  27.  Potential  animat  intrusion  bio-barriers 
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4.  NONSOIL  CAPS  AND  LINERS 

4.1  Introduction.  Laqoon  containment  may  be  achieved 
tnrouqh  the  use  ot  impermeable  caps  and  liners.  As  previously 
discussed  in  Section  3,  tne  primary  objective  of  a  surface  cap 
is  to  contain  waste  materials  and  impede  the  flux  of  water  from 
precipitation  into  a  waste  disposal  area  and  thereby  limit  the 
potential  for  leacnate  qeneration.  Other  objectives  of  surface 
cappinq  are  associated  with  providinq  a  physical  barrier  to 
achieve  the  followinq: 

(a)  Control  possible  human  contact  with  waste  materials. 

(b)  Control  rodent  burrowinq  or  animal  contact  with  the 

waste . 

(c)  Control  water  erosion  that  may  result  in  transport  of 

waste  materials. 

(d )  Control  wind  erosion  and  dust  qeneration. 

(e)  Preserve  containment. 

These  oojectives  are  discussed  in  detail  in  Section  3. 

The  function  of  impermeaoie  laqoon  liners  is  to  contain 
wastes  and  to  stop  the  flow  of  pollutants  into  the  subsoil  and 
the  qroundwater.  Liners  may  be  used  in  laqoon  closure  in  cases 
where  wastes  are  excavated  from  the  laqoon  and  possibly  treated. 
The  laqoon  can  then  be  lined,  followed  oy  re -emplacement  of  the 
laqoon  contents,  and  possible  cappinq  of  the  laqoon  for  final 
closure . 

Nonsoil  cap  and  liner  materials  commonly  used  for  waste  con¬ 
tainment  include  the  followinq: 

(a)  Asphalts. 

(b)  Concrete. 

(c)  Synthetic  polymer  membranes. 

Brief  descriptions  of  the  use  of  these  materials  for  waste  con¬ 
tainment  are  contained  in  the  subsections  that  follow. 
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4.2  Nonsoil  cap  and  liner  materials. 


4.2.1  Asphalts . 

4.  2. 1.1  Aspnalt  emulsion  (spray  asphalt).  Histc 
asphalt  has  had  a  productive  life  as  a  water  proof inq  aq 
inq  back  more  than  5,000  years.  Early  uses  were  simple 
eluded  caulkinq  and  cementinq  aqents  for  baths  and  sim 
draulic  structures.  Past  and  present  applications  take  c 
or  the  thermoplastic  properties  of  asphalt.  Liners  or 
oe  formed  in  the  field  oy  sprayinq  a  prepared  surface  v 
uid  aspnalt,  which  then  solidifies  to  form  a  continuous 
tiqht  membrane. 

Proper  spray  technique  is  important,  but  technical 
are  always  involved  when  spray inq  any  material  directl 
prepared  surface  such  as  soil.  Since  asphalt  is  spra' 
unidirectional  fashion,  it  is  very  difficult  to  ensure 
cover  due  to  small  protuberances  that  receive  only  part 
er.  Sprayed -on  liners  are  seam  free,  but  preparinq  th 
hole"  tree  in  the  field  sometimes  poses  serious  difficu) 

Recent  use  of  asphalt  materials  for  waste  contain 
snown  that  aspnalt  is  resistant  to  weak  acids,  bases,  i 
salts,  and  corrosive  qases.  Asphalts,  however,  are  qener 
resistant  to  orqanic  solvents  (Haxo,  1^82). 

The  desiqn  life  of  asphalt  containment  systems  is 
mately  50  years  (EPA,  15)82)  . 

4.2. 1.2  Asphalt  concrete  (hydraulic  asphalt).  Hii 
ly ,  an  asphalt-based  material  (asphalt  concrete)  has  b 
as  a  seepaqe  barrier  for  many  thousands  of  years.  As  a  c 
a  pure  membrane  it  helped  the  early  civilizations  to  wa 
their  canals  and  aqueducts,  and  later  their  baths  an 
conduits.  Some  of  these  facilities  are  still  in  use,  a 
to  the  lonqevity  of  asphalt.  Despite  these  fine  credent) 
phalt  concrete  must  be  used  properly  in  today's  hydrauli 
tures  if  lastinq  results  are  to  be  obtained. 

Some  confusion  has  developed  from  data  qenerated  wi 
laboratory  where  it  is  possible  to  produce  asphalt  concr 
pies  with  zero  porosity.  The  problem  arises  from  the  i 
of  contractors  to  duplicate  the  laboratory  results  ov 
areas  in  the  field.  Good  performance  from  an  asphalt 
cover  demands  careful  attention  to  both  mix  desiqn  and  j 
tion  details.  The  control  of  mix  temperatures  at  the 
spreadinq,  the  time  laq  Detween  this  operation  and  con 
and  the  compactinq  effectiveness  itself  are  three  impor 
sometimes  difficult  parameters  to  control. 
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Sun  aqinq,  creep  tendencies,  and  normal  subqrade  movements 
may  also  combine  to  reduce  the  effectiveness  of  asphalt  covers 
and  liners  unless  these  issues  are  adequately  addressed  in  the 
desiqn.  Additionally,  if  unprotected,  asphalt  concrete  is  sub¬ 
ject  to  damaqe  due  to  icinq  conditions,  which  can  cause  a  spal- 
linq  effect.  Asphalt  concrete  cannot  be  used  on  vertical  slope 
work;  qenerally  its  use  is  restricted  to  slopes  of  no  qreater 
than  2:1  (Kays,  1977). 

Asphalt  concrete  cover  and  liner  systems  may  be  subject  to 
penetration  by  weeds.  The  black  asphalt  blanket  absorbs  heat 
readily  and  serves  as  an  incubator  for  the  weed  seeds  that  lie 
below  it.  The  problem  is  more  or  less  eliminated  if  the  struc¬ 
ture  is  covered;  otherwise,  a  soil  stenlant  is  often  used,  par¬ 
ticularly  if  the  facility  is  built  in  a  location  where  weed 
qrowth  is  suspect. 

Aspnalt  concrete  is  compatible  with  most  wastes;  however, 
tne  capital  and  placement  costs  will  usually  exceed  that  of  low 
permeaoility  soil  liners/caps  if  suitaole  soils  are  available 
locally . 

4.2.2  Concrete.  Concrete  is  technically  not  an  impervious 
material  in  the  strictest  sense  of  the  word.  In  the  laboratory 
it  is  possiole  to  make  a  test  sample  that  possesses  rather  qood 
resistance  to  the  passaqe  of  water,  but  in  tne  field  this  is  not 
an  easily-attainaDle  qoal.  Construction  joints  present  leakaqe 
problems,  and  f ield -applied  concrete  membranes  have  widely-vary- 
inq  deqrees  of  permeability.  Good-quality  concrete  also  has  the 
tendency,  in  time,  to  deqrade  with  respect  to  its  waterproof 
qualities  (Kays,  1977). 

The  importance  of  subqrade  conditions  cannot  be  overempha¬ 
sized  in  connection  with  unreinforced  concrete  covers  or  liners. 
Althouqh  many  of  the  flexible  cover  systems  can  tolerate  some 
variance  with  respect  to  substrata  stability,  plain  concrete 
cannot.  Concrete  covers  and  liners  without  reinforcement  are 
particularly  vulnerable  to  the  actions  of  frost,  swellinq,  and 
shrinkaqe  within  the  soils  on  which  they  rest.  Undesirable  sur¬ 
face  soil  conditions  may  be  remedied  by  removinq  the  portion  of 
the  subqrade  in  question  and  replacmq  it  with  a  material  of  the 
desired  properties.  Nonexpansive  materials  are  used,  placed  in 
layers  not  exceedinq  6  inches,  and  compacted  to  at  least  90 
percent  of  standard  maximum  density  (Kays,  1977). 


Concrete  of  good  quality  is  resistant  to  many  naturally- 
occurring  chemicals.  When  properly  proportioned,  placed,  and 
cured  it  is  relatively  impervious  to  most  water,  soil,  and  at¬ 
mospheric  conditions.  Extremely  high  material  and  construction 
costs,  however,  often  limit  the  use  of  concrete  as  a  waste  con¬ 
tainment  material. 

There  are  some  chemical  environments  under  which  the  useful 
life  of  the  best  concrete  will  be  shortened,  and  knowledge  of 
these  conditions  permits  measures  to  be  taken  to  counteract  or 
prevent  deterioration.  Most  corrosive  chemicals  must  be  in  solu¬ 
tion  and  above  some  minimum  concentration  to  produce  a  signifi¬ 
cant  attack  on  concrete.  Concrete  is  rarely,  if  ever,  directly 
attacked  by  soil  or  dry  chemicals.  Concrete  that  is  subjected  to 
aggressive  solutions  under  pressure  is  most  vulnerable  because 
the  pressures  tend  to  force  the  aggressive  solution  into  the 
concrete.  When  free  evaporation  can  also  take  place  from  an  ex¬ 
posed  face,  dissolved  salts  may  accumulate  at  that  face,  thus 
increasing  their  concentration  and  possibly  resulting  in  mechan¬ 
ical  damage  from  spalling  in  addition  to  chemical  attack. 

4.2.3  Synthetic  polymer  membranes.  Flexible  synthetic  mem¬ 
branes  are  assuming  increased  importance  as  containment  materi¬ 
als  because  of  their  very  low  permeability.  These  covers  are 
products  of  the  plastics  and  rubber  industries.  The  polymeric 
materials  used  in  the  manufacture  of  these  covers  and  liners  in¬ 
clude  vulcanizable  and  nonvulcanizable  thermoplastics,  plastics, 
and  rubbers.  They  are  all  syntnetic  materials,  varying  from 
highly  polar  polymers,  such  as  polyvinyl  chloride  (PVC) ,  to  non¬ 
polar  polymers,  such  as  EPDM  and  butyl.  They  range  from  amor¬ 
phous  polymers,  such  as  the  rubbers,  to  crystalline  polymers, 
such  as  polyethylene.  Generally,  polymeric  materials  are  com¬ 
pounded  with  fillers,  ant idegradants ,  plasticizers,  and  cura¬ 
tives  if  vulcanization  is  needed.  Compounds  based  on  the  same 
polymer  can  vary  considerably  in  composition  from  manufacturer 
to  manufacturer,  depending  on  the  grade  and  the  price  of  the 
material . 

The  membrane  sheeting  is  usually  made  in  a  continuous  proc¬ 
ess.  Many  liners  are  single  ply  30  mil.  Plying  is  used  predomi¬ 
nantly  when  liners  are  reinforced.  Most  of  the  sheets  are  10  to 
12  feet  wide  when  made  (widtn  is  a  function  of  the  fabricating 
equipment) .  Fabric  reinforcement,  usually  a  nylon  or  polyester 
scrim,  can  be  sandwiched  between  these  plies  to  give  added 
strength  to  the  cover.  Sheets  are  typically  4  to  5  feet  wide  and 
200  feet  long.  Several  of  these  sheets  can  be  seamed  by  a  fabri¬ 
cator  in  a  factory  to  form  a  panel. 


In  qeneral,  syntnetic  covets  and  liners  are  susceptible  to 
the  same  types  of  lonq-term  failure  mechanisms  as  asphalts  and 
concrete.  In  addition,  syntnetic  membranes  are  prone  to  punc¬ 
tures  due  to  coot  penetration  and  damaqe  durinq  placement.  Se¬ 
vere  puncture  damaqe  can  result  in  the  escape  of  pollutants  and 
surface-water  infiltration.  Synthetic  membranes  are  also  prone 
to  microoial  attack,  which,  in  the  context  of  a  permanent  clo¬ 
sure  plan,  becomes  a  siqnificant  consideration.  The  desiqn  life 
ot  synthetic  membranes  is  expected  to  be  about  '20  years  (EPA, 
198  2)  . 

A  list  of  membrane  materials,  plus  the  relative  advantaqes 
and  disadvantaqes  of  various  polymer  membranes  currently  used 
tor  waste  containment,  are  presented  m  Table  8. 

A  few  representative  types  of  syntnetic  polymer  membranes 
are  descrihed  m  qr eater  detail  in  the  subsections  that  follow. 

4.2.  3.1  Chlorosulfonated  polyethylene  (CSPE).  Chlorosul- 
tonated  polyetnylene  is  a  family  of  polymers  prepared  by  react- 
inq  polyethylene  in  solution  with  chlorine  and  with  sulfur  diox¬ 
ide.  Presently  available  polymers  contain  from  25  to  43  percent 
chlorine  and  from  1.0  to  1.4  percent  sulfur  (Matrecon,  198  0). 
These  polymers  can  be  used  in  both  thermoplastic  (uncross- 
linked)  and  in  vulcanized  (cross-linked)  compositions.  Uncured 
CSPE  is  more  thermoplastic  than  other  commonly  used  elastomers. 
It  is  qenerally  touqher  at  room  temperature,  but  softens  more 
rapidly  as  temperatures  are  increased. 

Chlorosulfonated  polyethylene  is  characterized  by  ozone  re¬ 
sistance,  ultraviolet  stability,  heat  resistance,  qood  weathera- 
bility,  and  resistance  to  deterioration  by  corrosive  chemicals. 
It  has  qood  resistance  to  the  qrowth  of  mold,  mildew,  funqus, 
and  bacteria.  Membranes  ot  tms  material  are  available  in  both 
vulcanized  and  thermoplastic  forms,  but  primarily  in  the  latter. 
Usually  these  materials  are  reinforced  with  a  polyester  or  nylon 
scrim,  and  qenerally  contain  at  least  45  percent  CSPE  polymer 
(Matrecon,  1980).  The  fabric  reinforcement  qives  needed  tear 
strenqth  to  the  sheetinq  for  use  on  slopes,  and  reduces  the  dis¬ 
tortion  resultinq  from  shrmkaqe  when  placed  on  the  base,  and 
when  exposed  to  tne  heat  of  the  sun. 

Chlorosulfonated  polyethylene  can  oe  seamed  by  heat  seaiinq, 
dielectric  neat  sealing,  solvent  welding,  or  by  using  "bodied" 
solvent  adhesive.  Membranes  of  this  polymer  do  not  cracx  or  tail 


TABLE  8.  DESCRIPTION  OF  POLYMER  MEMBRANES  USED  FOR  WASTE 
CONTAINMENT 
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Enqlneerinq  and  Development  Support  of  General  Decon  Technology  for  the  DARCOM  Installation 
Proqram,  Task  7.  Literature  search  and  evaluation  of  compatibility  testinq  of  waste  contain 
nent  barrier  materials. 


trom  temperature  extremes  or  weatnerinq.  Disadvantages  of  CSPE 
membranes  include  low  tensile  strenqth  and  a  tendency  to  shrink 
when  exposed  to  sunlight.  Some  CSPE's  tend  to  harden  with  aqe 
due  to  cr oss-linking  oy  moisture,  ultraviolet  radiation,  and 
heat . 


4.  2.  3.  2  Polyvinyl  chloride  (PVC)  .  Polyvinyl  chloride  (PVC) 
membranes  are  probably  the  most  widely  used  of  all  polymeric 
membranes  for  waste  impoundments.  Polyvinyl  cnloride  is  produced 
by  many  ot  several  polymerization  processes  trom  vinyl  chloride 
monomer  (VCM) .  It  is  a  versatile  thermoplastic  polymer  tnat  is 
compounded  with  plasticizers  and  other  modifiers  to  produce  a 
wide  range  ot  physical  properties. 

Polyvinyl  cnloride  membranes  are  produced  in  roll  form  in 
various  widths  and  thicknesses.  Polyvinyl  chloride  compounds 
contain  25  to  35  percent  of  one  or  more  plasticizers  to  make  the 
sheeting  flexible  and  rubber-like  (Matrecon,  iy80)  .  The  sheeting 
also  contains  1  to  5  percent  of  a  chemical  stabilizer,  and  vari¬ 
ous  amounts  of  other  additives.  The  PVC  compound  should  not  con¬ 
tain  any  water-soluble  inqredients. 

There  is  a  wide  choice  of  plasticizers  that  can  be  used  in 
PVC  sheeting,  depending  on  tne  application  and  service  condi¬ 
tions  under  whicn  the  PVC  compound  will  be  used.  Plasticizer 
loss  during  service  is  a  source  of  PVC  degradation.  There  are 
three  basic  mechanisms  tor  plasticizer  loss:  volatilization, 
extraction,  and  microbiological  attack.  Polyvinyl  cnloride  poly¬ 
mer  generally  holds  up  well  in  burial  tests,  however,  compounds 
ot  PVC  films  have  deteriorated,  presumably  due  to  microbial  at¬ 
tack  (Wendt,  18 80)  .  The  use  of  the  proper  plasticizers  and  an 
effective  biocide  can  virtually  eliminate  microbiological  attack 
and  minimize  volatility  and  extraction  (Scullin,  ly65) .  The  PVC 
polymer  itself  is  not  affected  by  these  conditions;  however,  it 
is  affected  by  ultraviolet  exposure. 

The  principal  reason  for  loss  of  plasticizer  is  by  volatili¬ 
zation  in  the  neat  of  the  sun  rather  than  solution  in  the  waste 
fluid.  Carbon  black  prevents  ultraviolet  attack,  but  causes  the 
absorption  of  solar  energy,  thus  raising  the  temperature  to  a 
high  enough  level  to  cause  vaporization  of  the  plasticizer.  The 
soil  or  other  suitaole  cover  material  used  to  bury  the  cover 
protects  it  trom  ultraviolet  exposure  and  reduces  the  rate  ot 
plasticizer  loss.  Polyvinyl  chloride  sheetinq  is  not  recom¬ 
mended  when  it  will  be  exposed  to  weathering  and  ultraviolet 
light  conditions  during  its  service  life. 


ra^E53 


Plasticized  PVC  sheetinq  has  qood  tensile,  elonqation,  and 
puncture-  and  abrasion-resistance  properties.  It  is  readily 
seamed  by  solvent  weldinq,  adhesives,  and  heat  and  dielectric 
methods.  Finally,  PVC  shows  qood  chemical  resistance  to  many  in¬ 
organic  chemicals. 

4. 2. 3. 3  Neoprene.  Neoprene  is  the  generic  name  of  synthet¬ 
ic  rubbers  based  on  chloroprene.  These  rubbers  are  vulcanizable , 
usually  with  metal  oxides,  but  also  with  sulfur.  Tney  closely 
parallel  natural  rubber  in  mecnanical  properties,  e.g.,  flexi¬ 
bility  and  strength.  Neoprene,  however,  is  superior  to  natural 
rubber  in  its  resistance  to  oils,  weathering,  ozone,  and  ultra¬ 
violet  radiation;  it  is  also  resistant  to  punctures,  abrasion, 
and  mechanical  damaqe. 

Neoprene  membranes  have  oeen  used  primarily  for  the  contain¬ 
ment  of  wastewater  and  other  liquids  containing  traces  of  hydro¬ 
carbons.  They  also  give  satisfactory  service  with  certain  combi¬ 
nations  ot  oils  and  acids  for  which  other  materials  do  not  pro¬ 
vide  long-term  service  (Matrecon,  1^ BO)  . 

Vulcanizinq  cements  and  adnesives  must  be  used  for  seaminq 
neoprene. 

4. 2. 3. 4  Chlorinated  polyethylene  (CPE).  Chlorinated  poly¬ 
ethylene  (CPE)  is  produced  by  a  chemical  reaction  between  chlor¬ 
ine  and  hiqh-density  polyethylene.  Presently  available  polymers 
contain  25  to  45  percent  chlorine  and  0  to  25  percent  crystal¬ 
linity  (Matrecon,  1980) .  Chlorinated  polyethylene  is  compounded 
and  used  in  thermoplastic  and  cross-linked  compositions. 

Since  CPE  is  a  completely  saturated  polymer  (no  double 
bonds) ,  it  is  not  susceptible  to  ozone  attack  and  weathers  well. 
The  polymer  also  has  good  tensile  and  elonqation  strength. 
Chlorinated  polyethylene  is  characterized  by  resistance  to  de¬ 
terioration  by  many  corrosive  and  toxic  chemicals.  Because  they 
contain  little  or  no  plasticizer,  CPE  covers  have  good  resist¬ 
ance  to  the  growth  of  mold,  mildew,  fungus,  and  bacteria.  Mem¬ 
branes  made  of  CPE  can  also  be  formulated  to  withstand  intermit¬ 
tent  contact  with  aliphatic  hydrocarbons  and  oils.  CPE  will 
swell  in  the  presence  ot  high  concentrations  of  aromatic  hydro¬ 
carbons  and  oils,  but  reqains  some  of  its  original  properties 
when  removed  from  that  environment. 


CPE  can  be  compounded  with  other  polymers,  makinq  it  a  fea¬ 
sible  base  material  for  a  broad  spectrum  of  membranes.  CPE  can 
be  alloyed  with  PVC,  polyethylene  (PE) ,  and  numerous  synthetic 
rubbers.  Usually,  at  least  half  the  polymer  content  of  CPE  mem¬ 
brane  is  CPE  resin.  This  compound  is  widely  used  to  improve  the 
stress  crack  resistance  and  softness  of  ethylene  polymers,  and 
to  improve  tne  cold  crack  resistance  of  flexible  polyvinyl 
chloride.  Chlorinated  polyethylene  membranes  are  available  in 
varied  thicknesses  in  unreinforced  or  f abr lc-reinf orced  ver¬ 
sions.  Membranes  of  CPE  are  generally  unvulcanized  and  thus  can 
be  seamed  by  bodied -solvent  adhesives,  solvent  welding,  or  di¬ 
electric  heat  sealing. 

4.2.  3.5  Ethylene  propylene  (EPDM).  EPDM  is  a  thermoplastic 
grade  of  ethylene  propylene  rubber.  The  liners  are  constructed 
of  multiple  layers  of  EPDM  sheeting  laminated  to  one  or  two  lay¬ 
ers  of  nylon  or  polyester  reinforcing  fabric. 

EPDM  is  immune  to  the  effects  of  ozone,  and  offers  excellent 
resistance  to  temperature  extremes,  oxidation,  ultraviolet 
liqnt,  and  a  wide  range  of  acids,  bases,  salts,  and  corrosive 
chemicals.  EPDM  can  be  fabricated  in  larqe  factory-seamed  panels 
to  minimize  onsite  seaming;  it  is  also  free  of  pinholes,  and 
will  not  delaminate. 

Anotner  feature  of  EPDM  is  that  it  can  be  neat-seamed  at  the 
joo  site  with  simple  heat  tools  by  semi-skilled  personnel.  The 
heat  seam  sets  within  seconds  to  a  strength  exceeding  that  of 
the  parent  material.  Disadvantages  of  EPDM  liners  include  low 
resistance  to  some  hydrocarbons  and  a  relatively  short  expected 
lifetime . 

4. 3  Methodology  for  evaluation  of  cover  and  liner  contain¬ 
ment  systems.  A  critical  part  of  the  sequence  of  desiqninq, 
constructing,  and  maintaining  an  effective  containment  system 
for  lagoon  wastes  is  the  systematic  evaluation  of  engineering 
criteria.  First,  the  individual  performance  criteria  are  as¬ 
sessed  and  standardized.  Each  cover  and  liner  type  is  then  eval¬ 
uated  based  on  each  of  the  performance  criteria,  and  the  most 
suitable  containment  system  is  selected  for  further  development. 
Performance  criteria  for  covers  and  liners  are  presented  in 
Tables  y  and  10,  respectively. 
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TABLE  9.  COVER  MATERIAL  PERFORMANCE  CRITERIA 


1.  Historical  applications  as  a  cover  material. 

2.  Traf f icability . 

3.  Ability  to  impede  water  percolation. 

4.  Freeze/thaw  stability. 

5.  Seismic  stability. 

6.  Crack  resistance. 

7.  Resistance  to  ultraviolet  exposure  from  sunliqht  if  it 
is  not  covered. 

b.  Side-slope  stability. 

9.  Ability  to  discouraqe  rodent  burrowinq. 

10.  Ease  of  construction  and  constructability;  seaminq  and 
seam  integrity  inspection  techniques. 

11.  Ability  to  impede  plant  root  penetration. 

12.  Cost  ot  placement. 

13.  Resistance  to  Dioloqical  deqradation. 

14.  Compatibility  with  laqoon  wastes  and  any  gases  or 
volatiles  generated  by  tne  wastes. 


TABLE  10.  LINER  MATERIAL  PERFORMANCE  CRITERIA 


1.  Provides  containment  for  leachate. 

2.  Historical  application  as  a  liner  material. 

3.  Seismic  stability. 

4.  Crack  resistance. 

5.  Resistance  to  root  penetration. 

t>.  Potential  for  damaqe  to  liner  during  placement. 

7.  Ease  of  construction  and  constr uctaoility ;  seaminq  and 
seam  inteqrity  inspection  techniques. 

8.  Resistance  to  oioloqical  degradation, 
y.  Cost  of  placement. 

10.  Compat loility  of  iaqoon  wastes. 


4.4  Applicability  to  lagoon  closure.  In  order  to  provide 
an  example  of  an  evaluation  methodoloqy,  a  number  of  representa¬ 
tive  types  of  nonsoil  containment  materials  were  evaluated  with 
respect  to  applicability  to  m-situ  lagoon  closure.  It  should  be 
recognized  that  this  evaluation  does  not  take  into  consideration 
all  possible  types  of  containment  materials  and  thus  is  not 
meant  to  be  a  complete  investigation,  but  rather,  the  evaluation 
is  intended  to  be  a  preliminary  assessment  of  containment  alter¬ 
natives,  and  may  serve  as  a  quidelme  for  future  assessments. 

Containment  materials  were  evaluated  based  on  the  perform¬ 
ance  criteria  discussed  in  the  previous  subsection.  The  results 
of  the  performance  evaluation  are  presented  in  Table  11  for  cov¬ 
ers  and  Table  12  for  liners.  If  a  containment  material  was 
given  a  positive  performance  rating,  a  plus  sign  appears  in  that 
criteria  column.  A  positive  rating  denotes  that  a  particular  ma¬ 
terial  exhibits  a  relative  advantage  with  respect  to  that  per¬ 
formance  criterion.  If  a  negative  performance  ratinq  was  given, 
a  minus  sign  appears  in  the  criteria  column.  A  minus  denotes  a 
negative  disadvantage  for  that  material  with  respect  to  that 
performance  criterion.  Individual  performance  criteria  are  ad¬ 
dressed  m  the  subsections  that  follow.  The  performance  criteria 
that  are  not  discussed  are  self  explanatory. 
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Positive  performance  ratinq. 

Negative  performance  ratinq. 

Insufficient  information  available  to  make  a  determination 
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5 ».r  evaluation  taoles  it  can  oe  seen  that  certain 
i i sadvantaqes  with  respect  to  application.  Tl 
i ■  j-imcks  must  oe  considered  as  part  of  the  final 
■.  k  u.-npie ,  it  a  material  exhibits  poor  side-slope  s 
.  r  ■,*  tinai  side  slopes  must  be  reduced  to  a  n 
:•  r.  seclude  possiole  failure.  If  a  material 
pect  to  weathering  or  freeze/ thaw,  then  a  f 
•  l  may  De  needed  for  placement  over  the  ma 
j.  .  v_  l  iten  a  cannot  be  fully  addressed  as  part  of 
„  .  t  ut-sign.  These  criteria  may  include  waste/li 
and  construction  costs. 


4.4..  d  mt.  a  lament  material  performance  criteria. 


4.  4.1.1  Aoiiity  to  withstand  construction  and  maintena 
vehicle  traffic.  Tms  criterion  evaluates  the  ease  by  wh 
construction  ana  maintenance  vehicles  can  maneuver  on  the  ma 
nai.  In  this  evaluation,  concrete  and  asphaltic  cover  maten 
were  given  positive  performance  ratings  due  to  their  wide  use 
highway  construction  applications.  Synthetic  membranes  w 
given  negative  performance  evaluations  because  vehicle  traf 
may  result  in  damage  to  the  membrane  unless  it  can  be  protect 
Thick  layers  of  soil  and  qeotextiles  have  been  used  as  prot 
five  measures  for  synthetic  membranes. 

4. 4.1.2  Ability  to  impede  water  percolation.  The  abil 
to  impede  water  percolation  is  a  major  criterion  in  evaluat 
containment  materials.  Cap  and  liner  materials  were  evaluated 
their  respective  permeabilities.  Generally,  materials  with  p 
meabilities  less  than  10~5  cn\/sec  were  given  favorable  p 
formance  ratings. 


4. 4.1.3  Resistance  to  weathering.  Most  of  these  cap 
liner  materials  will  be  subject  to  damage  in  the  long  term 
t.iey  are  not  protected,  however,  several  of  the  materials  w 
undergo  deterioration  in  a  shorter  time  frame.  It  the  protect 
cover  is  damaqed  tms  deterioration  could  occur  Defore  repa 
could  be  made.  Spray  asphalt  used  as  a  cap  is  suDject  to  dam 
from  surface  runoff,  freeze/thaw,  traffic,  and  animal  atta 
PVC  and  nypalon  used  as  a  cap  or  liner  are  subject  to  degra' 
tion  throuqn  ultraviolet  exposure. 

4. 4.1.4  Freeze/thaw  stability.  In  cold  regions  of 
country,  special  attention  may  need  to  be  directed  to  the 
tects  of  freezing.  Freeze/thaw  characteristics  of  all  cov 
liner,  and  subqrade  materials  must  oe  determined  and  cross- r 
erenced  witn  depth  of  frost  penetration  in  the  region  of  c 
cern.  Where  more  detail  on  frost  depth  is  needed,  or  in  mo 
tainous  terrain  where  tne  depth  of  freezing  can  vary  over  sh 
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distances,  frost  penetration  data  must  be  obtained  from  local 
agricultural  aqencies.  In  general,  suoqrades  consisting  of  mor- 
qanic  silts  and  very  tine  sands  with  slight  plasticity  demon¬ 
strate  major  heave  characteristics,  and,  therefore,  are  qreatly 
susceptible  to  freeze/ thaw  fractures.  On  the  other  hand,  sandier 
soils  are  susceptiole  to  fast  freeze  conditions  and  therefore, 
deeper  frost  penetration.  It  should  be  noted  that  concrete  is 
also  susceptible  to  freeze/thaw  fracturing,  however,  this  prob¬ 
lem  can  be  remedied  Dy  proper  mix  desiqn.  Most  freezing  problems 
relatinq  to  cap  systems  can  be  remedied  by  a  sufficiently  thick 
topsoil  cover.  In  general,  freeze/ thaw  is  not  a  critical  issue 
for  liner  materials  because  the  liner  is  buried  beneath  a  thick 
layer  of  waste  material.  The  edqes  and  anchor  perimeter  of  the 
layer  may  be  neat  the  qround  surface  and  freeze/thaw  may  be  an 
issue . 


4. 4.1.5  Seismic  stability.  For  waste  laqoons  subject  to 
earthquakes  but  not  located  on  an  active  fault,  damage  to  such 
a  laqoon  from  qround  shakinq  may  include  the  differential  set¬ 
tlement  of  the  foundation  soils  and  wastes  leading  to  strains  in 
the  liners  and  covers.  If  these  strains  are  localized  or  large 
in  magnitude,  failure  of  the  liner  or  cap  may  occur.  Detecting 
tne  location  and  repairing  the  damaged  liner  section  would  be 
very  difficult.  Repairing  a  damaged  cap  would  not  be  as  diffi¬ 
cult. 


Ground  motions  also  cause  stress  changes  in  the  laqoon  and 
natural  slopes.  Landslides  in  the  natural  slopes  surrounding  the 
lagoon  may  blocK  access  roads  and  diversion  structures.  Land¬ 
slides  into  the  laqoon  may  damage  the  cap  and  possibly  displace 
the  encapsulated  waste.  The  potential  magnitude  of  waste  materi¬ 
al  released  due  to  failure  of  any  portion  of  the  waste  lagoon  as 
a  result  of  earthquakes  will  be  influenced  by  the  following: 

(a)  The  magnitude  of  the  earthquake. 

lb)  The  distance  from  the  waste  impoundment  to  the  active 
fault . 

(c)  Tne  soil  conditions  under  the  site. 

(d)  The  nature  of  the  waste. 

(e )  The  closure  plan  employed. 

Containment  materials  were  evaluated  based  on  their  ability  to 
withstand  minor  seismic  disturbances. 

Reinforced  concrete  was  qiven  a  positive  performance  rating 
since  concrete  can  and  is  often  designed  tor  earthquake  stabil¬ 
ity.  Many  construction  and  design  codes  exist  tor  protection  of 
concrete  structures  from  earthquakes. 
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Synthetic  polymer  materials  and  asphalts  were  qiven  poor 
performance  ratinqs  because  of  their  qenerally  low  tensile  and 
snear  strenqths. 

4. 4. 1.6  Crack  resistance.  This  evaluation  was  based  on 
each  containment  material's  ability  to  resist  crackinq  due  to 
differential  settlement  of  the  subqrade.  Other  phenomena,  such 
as  water  erosion  and  weathennq,  could  also  cause  the  contain¬ 
ment  material  to  crack,  however,  these  performance  criteria  were 
evaluated  previously.  Crackinq  due  to  differential  settlement  of 
the  subqrade  is  a  function  of  both  the  sheer  and  tensile 
strenqth  of  the  containment  material. 

Synthetic  membranes  as  a  qroup  were  qiven  lower  performance 
ratinqs  due  to  their  inability  to  relieve  the  stress  caused  by 
differential  settlement  of  the  subbase.  This  continued  stress  in 
synthetic  membranes  after  a  differential  displacement  of  the 
subbase  is  believed  to  be  the  ultimate  cause  of  failure  in  such 
membranes.  Proper  compaction  and  preparation  of  the  subbase  is 
crucial  for  the  placement  of  a  synthetic  membrane.  A  membrane 
can  withstand  some  minor  settlement,  however,  excessive  differ¬ 
ential  settlement  will  cause  failure. 

Construction-qrade  pavmq  materials  such  as  hydraulic  as¬ 
phalt  and  reinforced  concrete  were  qiven  positive  performance 
ratinqs  due  to  desiqn  capabilities  to  prevent  crackinq.  However, 
proper  subbase  preparation  must  not  be  neqlected  for  these  mate- 
r lals . 

4. 4. 1.7  Side-slope  stability.  Side-slope  stability  relates 
to  the  maximum  qrade  at  which  a  material  can  be  placed.  Spray 
asphalt  and  synthetic  membranes  require  a  lesser  slope  than  the 
nydraulic  asphalt  and  concrete.  Hydraulic  asphalt  may  be  placed 
at  a  slope  up  to  2  1/2:1  usinq  special  equipment,  and  concrete 
can  be  placed  on  vertical  slopes  usinq  forminq  and  qunitinq. 
Synthetic  membranes  perform  best  on  slopes  of  3:1  or  less. 

4. 4.1.8  Ability  to  discouraqe  rodent  burrowinq.  Riqid  cov¬ 
ers,  such  as  concrete,  and  hydraulic  asphalt  concrete,  stand  up 
well  aqainst  animal  traffic  of  all  kinds;  thinner  membranes, 
however,  do  not  perform  as  well  and  require  supplemental  protec¬ 
tion.  There  are  two  types  of  hazards  involved;  larqe  animals 
that  do  mechanical  damaqe  to  thin  membranes  because  of  their 
qreat  weiqht  and  sharp  hooves,  and  small  animals  that  cause  dam¬ 
aqe  associated  with  their  search  for  food  and  water  (burrowinq). 

Hoofed  animals,  such  as  cattle,  deer,  or  horses  can  easily 
damaqe  synthetic  membranes  unless  the  membrane  is  covered  by  a 
protective  layer  such  as  soil.  Just  how  much  damaqe  they  will  do 
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depends  on  the  slope  of  the  sidewalls  and  the  tirmness  of  the 
subgrade.  Smaller  animals  such  as  gophers,  beavers,  rats,  musk¬ 
rats,  prairie  dogs,  and  mice  will  attack  covers  tor  two  reasons: 

(a)  They  may  be  attracted  to  them  because  of  the  smell  or 

attractive  taste. 

(b )  The  cover  may  be  blocking  their  natural  path  tor  food 

or  water. 

In  the  latter  case,  the  behavior  of  the  animal  will  depend  on 
the  accessibility  of  alternate  food  routes.  If  no  alternate 
patns  exist,  most  animals  of  this  class  will  cut  througn  any 
cover  system  for  survival.  For  instance,  rats  trapped  from  their 
tood  source  can  cut  through  concrete,  glass,  or  aluminum;  of 
course,  thin  plastic  or  soil  membranes  offer  absolutely  no  re¬ 
sistance  to  them.  Damage  from  these  causes  is  not  common,  but  it 
does  occur  occasionally  (Haxo,  lyaO)  . 

The  potential  problem  of  animal- related  damage  is  most  di¬ 
rectly  related  to  cap  systems,  and  adequate  protection  must  be 
incorporated  into  tne  desiqn.  This  protection  may  include  geo- 
textiles,  thick  soil  layers,  and  stone  or  gravel  layers. 

4. 4. l.y  Ease  of  construction.  All  of  the  containment  mate¬ 
rials  evaluated  are  practical  materials  for  in-situ  closure  con¬ 
struction  worx.  However,  certain  construction  techniques  are 
simpler  than  others.  Synthetic,  hydraulic  asphalt  and  reinforced 
concrete  containment  construction  were  given  lower  performance 
ratings  because  of  the  more  complex  construction  requirements  as 
compared  to  spray  asphalt.  These  construction  aspects  include 
seaming,  subbase  preparation,  specialized  equipment  for  place¬ 
ment,  and  reinforcement.  It  must  be  noted  that  all  of  these  ma¬ 
terials  are  considered  viable  from  a  constructability  stand¬ 
point. 


I 

I 

I 

I 


4.4.1.10  Ability  to  impede  plant  root  penetration.  Root 
penetration  is  a  potential  failure  mechanism  in  the  destruction 
of  impermeable  containment  systems  unless  they  are  properly  pro¬ 
tected  and  maintained,  woody  plants  can  have  root  systems  that 
penetrate  to  depths  of  1.5  meters.  Damage  to  cover  systems  by 
root  penetration  is  related  directly  to  cover  thickness  and  can 
be  avoided  by  proper  desiqn.  Desiqn  measures  can  include  the  use 
of  biocides,  thick  cover  layers,  periodic  mowing  and  time- 
release  biocides.  Synthetic  membranes  and  spray  asphalts  due  to 
their  thinness  and  known  inability  to  resist  root  penetration, 
were  qiven  lower  performance  ratings.  Only  concrete  and  hydraul¬ 
ic  asphalt  were  given  positive  performance  ratings  due  to  their 
high  structural  and  hydraulic  stability. 
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4.4.1.11  Compatibility  with  lagoon  wastes.  At  the  present 
time,  there  have  been  very  few  long-term  tests  of  containment 
material  compatibility  with  hazardous  and  explosive  wastes. 
Short-term  tests  to  predict  long-term  performance  are  being  de¬ 
veloped  and  carried  out  in  the  laboratory,  but  the  accuracy  of 
these  accelerated  tests  to  reflect  long-term  stability  is  un¬ 
known  (Price  et  al.,  1981). 

Gibbons  et  al.  (1983)  recently  performed  laboratory  tests 
to  evaluate  several  synthetic  polymer  membranes  for  compatibil¬ 
ity  with  explosive  lagoon  wastes.  The  results  of  the  study  are 
presented  in  Table  13.  In  general,  synthetic  membranes  were 
found  to  be  potentially  compatible  with  explosives  materials, 
however,  most  membranes  failed  when  exposed  to  the  organic  solv¬ 
ent  TCE .  These  results  indicate  that  synthetic  polymer  membranes 
would  only  be  useful  for  containment  of  lagoon  wastes  with  low 
concentrations  of  organic  solvents.  Therefore,  the  applicability 
of  these  materials  for  lagoon  closure  appears  to  be  somewhat 
limited. 

No  information  is  available  on  the  compatibility  of  asphal- 
tics  or  concrete  with  lagoon  wastes. 

Present  design  philosophy  emphasizes  the  integrity  of  a  cov¬ 
er/cap  system  to  minimize  infiltration,  and,  as  a  result,  leach¬ 
ate  is  generated.  By  minimizing  or  eliminating  leachate  genera¬ 
tion,  the  issue  of  waste  and  leachate  compatibility  with  the 
liner  can  be  partially  resolved.  If  infiltration  is  allowed  to 
continue  through  the  cover,  however,  leachate  will  be  generated 
and  compatibility  becomes  more  important. 

In  addition  to  an  effective  cover  system,  a  protective  layer 
of  soil  or  other  material  (cushion  layer)  is  generally  placed 
between  the  waste  and  the  cap  or  liner  material.  In  this  manner 
the  cap  or  liner  is  not  in  direct  contact  witn  the  waste,  and 
this  affords  some  measure  of  protection. 

The  issue  of  compatibility  cannot  be  overlooked  and  must  be 
considered  when  selecting  a  liner  or  cap  material. 

4. 5  Site  planning  design,  and  construction  considerations. 
The  construction  and  maintenance  of  a  waste  containment  area  can 
be  greatly  influenced  by  local  site  conditions.  Table  14  is  a 
list  of  factors  that  should  be  considered  in  the  site  planning 
and  design  process. 


TABLE  13.  SUMMARY  OF  INITIAL  SCREENING  TEST  RESULTS  —  LINER 
COMPATIBILITY  WITH  EXPLOSIVE  WASTES 


Liner  group 

Relative 

TCE 

effect  of  test 

TNT 

chemical3 

RDX 

PVC 

4 

3 

3 

CPE/nypalon 

5 

3 

2 

XR-5 

5 

2 

2 

HD  PE  (nigh  density 
polyethylene ) 

3 

1 

1 

EPDM/neopr ene 

4 

2 

2 

aRelative  effects  are 

ranked  from  1 

(minimal)  to  5 

(failure) . 

Source:  Gibbons  et  al.  ,  1S83. 
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TABLE 


1. 

2. 

3. 

4. 

5  . 
to. 
7. 
to. 
9. 
10. 
11. 
12. 
13. 


14.  FACTORS  TO  BE  CONSIDERED  IN  THE  SITE  PLANNING/ 
DESIGN  AND  CONSTRUCTION  PROCESS  (Adapted  trom 
Matrecon,  1980) 


Characteristics  of  the  waste  to  be  contained 

Characteristics  (type,  texture  and  depth)  of  in-situ 
soil  materials. 

Availability  of  soil  material  and  characteristics  of 
the  soil. 

Suoqrade  characteristics  -  as  determined  oy  soil 
oor inqs . 

Desired  desiqn  for  bottom  and  side  surfaces. 

Location  and  type  of  Dedrock. 

location  and  characteristics  of  qroundwater  table. 
Stability  of  waste  materials  and  subsurface. 

Surface  drainaqe  and  erosion  control  plans. 

Local  climatic  and  precipitation  conditions. 

Wind  direction  and  velocity. 

Ambient  temperature. 

Local  veqetation  and  weed  control. 
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Construction  considerations  tor  surtace  caps  are  outlined  in 
Section  3 ,  and  also  are  covered  m  detail  by  Matrecon  (1880)  . 

Basic  desiqn  and  construction  guidelines  for  the  installa¬ 
tion  of  nonsoil  liners  are  highlighted  m  the  subsections  that 
follow  (Schultz,  1882). 

4.5.1  Sprayed-on  liners  (spray  asphalt).  Basic  guidelines 
for  the  installation  of  sprayed-on  liners  ace  as  follows: 

(a)  The  subgrade  must  be  compacted,  smooth,  and  free  of 
large  rocks,  roots,  vegetation  or  other  debris. 

(d)  Provisions  for  gas  venting  (venting  of  any  gas  build-up 
that  could  occur  under  the  liner)  and  soil  steriliza¬ 
tion  should  be  made. 

(c )  Support  fabric  (geotextile)  should  be  placed  on  the 

subgrade  with  a  minimum  6-inch  overlap  at  the  seams. 

(d )  Premix  should  be  blended  with  an  activator  and  sprayed 

onto  the  fabric  mat.  This  step  must  be  completed  when 
ambient  temperatures  are  greater  than  60°F. 

(e)  Sprayinq  should  be  uniform  with  overlapping  spray  pat¬ 

terns  and  continue  until  the  membrane  is  at  least  50 
mils  thick.  The  fabric  must  be  saturated  completely 
oy  the  asphalt  m  order  to  produce  a  complete  seal. 

(f)  At  the  top  of  side  slopes,  the  mat  should  be  extended 

into  an  anchor  trench  and  backfilled  after  the  as¬ 
phalt  has  cured. 

(g)  Some  type  of  protective  cover  over  the  liner  is  recom¬ 

mended  if  the  liner  will  be  exposed  to  direct  sun¬ 
light  and  otherwise  unprotected. 

4.5.2  Asphalt  concrete.  Basic  guidelines  tor  the  installa¬ 
tion  of  asphalt  concrete  liners  are  as  follows: 

(a)  The  subgrade  must  be  tree  of  large  rocks,  roots,  vege¬ 

tation,  or  other  debris. 

(b)  Subgrades  must  be  smooth,  flat,  and  stable.  The  sub¬ 

grade  should  be  rolled  with  a  vibratory  roller  or 
similar  equipment  to  fabricate  a  suitable  surface. 

(c)  The  top  6-inches  of  subgrade  should  be  compacted  to  85 
percent  of  the  maximum  proctor  density. 

(d)  A  herbicide  should  be  applied. 


(e )  Asphalt  concrete  should  be  applied  and  allowed  to  cure. 

The  applied  surface  should  be  smooth  and  have  a  con¬ 
sistent  minimum  thickness  of  2  to  3  inches.  Two  ap¬ 
plications,  1-1  1/2  inches  thick,  should  be  consid¬ 
ered  by  placinq  the  second  application  over  the  first 
with  staqqered  construction  joints;  staqqered  joints 
enhance  tiqhtness,  impermeability,  and  strenqth. 

(f)  Application  and  placement  of  any  asphaltic  concrete 

liner  should  be  planned  to  avoid  cold  joints.  If  cold 
joints  cannot  be  avoided,  they  should  be  heated  prior 
to  formmq  a  new  joint. 

(q)  Compaction  by  rollinq  is  required  immediately  after 
placement. 

(h )  After  compaction,  a  hot  asphalt  surface  seal  may  be  ap¬ 
plied. 

4.5.3  Polymer  membranes.  Basic  quidelines  tor  the  installa¬ 
tion  of  polymer  membranes  are  as  follows: 

(a)  Subqrades  should  be  smooth  and  free  of  sharp  rocks  or 

veqetation  that  could  cause  punctures.  Rollinq  and 
compaction  is  recommended. 

(b)  Dry  and  warm  weather  conditions  are  important  to  en¬ 

hance  field  searainq  of  sheets. 

(c)  Membranes  must  be  secured  at  the  top  of  any  slopes.  The 

recommended  securinq  technique  is  to  place  the  edqe 
of  the  membrane  in  an  earthen  trench  and  backfill  the 
trench  with  soil. 

(d )  Proper  sealinq  around  any  penetrations  (such  as  leach¬ 

ate  collection  and  pipinq  systems)  must  be  accom¬ 
plished  usmq  appropriate  adhesive  sealinq  compounds. 

(e)  Field  inspection  and  testinq  of  seams  is  required. 

Other  polymer  membrane  installation  factors  such  as  field  seam- 
inq,  required  weather  conditions,  and  installation  procedures 
are  membrane-specific  and  site-specific.  General  installation 
parameters  tor  various  types  of  membranes  are  presented  in  Table 
15  . 


4.5.4  Leachate  collection.  Dependinq  on  the  cap  desiqn  and 
the  local  climatic  conditions,  a  leachate  collection  system  may 
be  required  to  prevent  a  "bath  tub"  effect.  A  nonsoil,  imperme¬ 
able  liner  will  not  allow  all  liquids  to  pass  into  the  underly- 
mq  soils.  As  a  result,  any  liquid  or  infiltration  that  enters 
tnrouqh  the  cap/cover  will  be  collected  by  the  liner  and  accumu¬ 
late.  Unless  provision  is  made  to  remove  this  accumulated 
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TABLE  L5.  GENERAL  POLYMERIC  MEMBRANE  INSTALLATION  PARAMETERS 


Liner 

type 

Adhesive 

system 

used 

Field 
seam 
width 
ranq  e 
(inches) 

Field 
over  lap 
ranqe 
(inches) 

Minimum 
suqqested 
material 
temperature 
(F° ) 

Cover3 

Chlor  mated 
polyethy¬ 
lene  (CPE) 

Bod  led 
solvent , 
solvent 
welded 

2 

6-12 

60 

Not 

required 

Chlorosul- 
tonatea 
polyetny- 
lene  (CSPE) 

Bod ied 
solvent , 
heat , 
solvent 
we lded 

2-4 

2-6 

60 

Not 

required 

Ethylene 
pr opylene 
rubber 
(EPDM) 

Contact 

adhesive 

2-4 

4-6 

60 

Not 

required 

Po  lyethy- 
lene 

high-density 

(HOPE) 

Heat 

welded 

1 

4-8 

60 

Not 

required 

Polyvinyl 
cnlor ide 
(PVC) 

Solvent 
welded , 
neat 
welded 

2-4 

2-6 

60 

Required 

Neopr  ene 

Contact 

adhesive 

2-4 

6-12 

60 

Not 

required 

aUsuaiiy  recommended  by  most  manutacturer s . 
Source:  Shultz  et  al.,  1882. 


liquid,  a  bath  tub  effect  will  occur  and  ieacnate  will  tend  to 
escape  over  tne  liner,  resulting  in  taiiure  of  the  containment 
system. 

Conditions  tnat  will  result  in  water  entering  the  contain¬ 
ment  area  oy  means  of  infiltration  include  the  following: 

(a)  Climatic  conditions  wnere  there  is  a  net  annual  infil¬ 
tration  rate  (precipitation  exceeds  evaporation  and 
other  losses) . 

(u )  Tne  cap  system  is  not  totally  impermeaDle. 

(c)  The  cap  system  is  damaged  thereby  allowing  water  to  en¬ 
ter  . 

A  leachate  collection  system  is  desiqned  to  allow  removal  of 
the  water/leachate  that  collects  in  the  liner  system.  This  can 
De  a  semi-active  system  that  requires  periodic  pumping  to  remove 
leachate  from  the  containment  area.  Other  systems  utilize  a 
gravity  drain  to  a  storage  tank  tor  leachate;  the  tank  would 
then  be  pumped  out  periodically. 

To  minimize  the  quantity  of  leachate  generation  when  using 
an  impermeable  liner,  the  cap  system  should  also  utilize  an  im¬ 
permeable  nonsoil  material.  This  is  particularly  important  for 
those  climatic  conditions  where  there  is  a  net-annual  infiltra¬ 
tion  rate. 

Fiqure  28  depicts  a  typical  design  concept  tor  a  nonsoil 
liner  system  with  leachate  collection.  Several  important  ele¬ 
ments  of  tnis  desiqn  concept  include  the  following: 

(a)  Liner  system  placed  on  a  prepared  subbase. 

(o)  Porous  layer  placed  over  the  liner  to  facilitate  leach¬ 
ate  collection  and  protect  the  liner. 

(c )  Pipmq  tor  leachate  collection  and  removal. 

(d)  Impermeable  cap. 

(e )  Final  cover  system  placed  over  the  cap. 

The  porous  leachate  collection  layer  is  typically  composed  of 
sand  or  gravel  and  is  1  to  2  feet  in  thickness.  Leachate  remov¬ 
al  piping  is  typically  perforated  PVC  in  the  collection  zone  and 
may  be  4  to  6  inches  in  diameter.  For  the  system  shown  on  Figure 
2d  a  pump  would  be  required  to  remove  any  collected  leachate. 


In  some  cases,  a  double  liner  system  may  oe  considered.  This 
concept  is  shown  on  Fiqure  2*.  The  primary  oesiqn  objectives 
tor  a  douole  liner  system  are  to  provide  the  toilowinq: 

(a)  Provide  a  back-up  to  tne  primary  liner  in  the  event  ot 
failure  or  leakaqe. 

(d)  Provide  a  method  for  monitonnq  under  the  primary  liner 
as  an  early  warninq  leak  detection  system. 

Tne  porous  collection  zone  overlyinq  the  secondary  liner  normal¬ 
ly  serves  as  a  monitorinq  area.  Any  liquid  that  collects  above 
tne  secondary  liner  can  be  sampled  and  tested  tor  the  presence 
of  any  contaminants.  This  serves  as  an  effective  verification 
method  tor  the  primary  liner  system. 

4.6  Performance  verification.  Strict  quality  control  our- 
inq  construction  of  impermeable  waste  containment  areas  is  of 
fundamental  importance  to  assure  proper  tunctioninq  of  lmpermea- 
ole  surfaces.  Observations  must  oe  made  to  ascertain  that  desiqn 
specifications  are  strictly  followed  durinq  construction.  For 
membranes,  seams  must  be  checked  for  proper  sealinq  and  the  mem¬ 
brane  must  oe  inspected  for  tears  or  noles.  Poured,  or  sprayed 
seals  must  be  cnecked  for  cracks  or  holes,  and  sufficient  thick¬ 
ness  ot  the  seal. 

Post-construction  performance  verification  for  caps  or  sur¬ 
face  seals  consists  of  visual  inspection  and  lysimeter  tests. 

For  liners,  qroundwater  monitonnq  or  a  secondary  liner  sys¬ 
tem  may  be  used  tor  verification.  Remote  sensmq  techniques  such 
as  hiqn  frequency  pulse  techniques,  electromaqnetics ,  resistiv¬ 
ity,  or  seismic  techniques  may  also  be  employed  for  performance 
verification.  However,  the  use  of  these  r emote-sensinq  tech¬ 
niques  for  leak  detection  m  subsurface  liners  has  not  been 
proven  totally  reliable  (Waller  et  al.,  1*82). 

4.7  Costs .  The  cost  of  waste  containment  facilities  varies 
dependinq  on  site  location  and  individual  site  characteristics. 
The  estimated  unit  costs  for  nonsoil  materials  and  sealinq  meth¬ 
ods  are  presented  in  Table  16.  Table  17  is  a  list  of  factors 
which  affect  costs  that  can  vary  from  site  to  site. 

The  use  of  a  liner  system  will  probably  include  the  costs 
tor  waste  excavation  so  that  a  liner  can  be  constructed  and 
waste  reburied.  Typicaly,  the  lined  area  would  oe  constructed  in 
an  area  somewhat  adjacent  to  the  laqoon  and  the  waste  relocated. 
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Figure  29.  Nonsoil  liner  with  leachate  collection  - 
double  liner  system. 


TAB  OE  lb.  ESTIMATED  UNIT  COSTS  FOR  NONSOIL  SEALING  MET  HOI 
AND  MATERIALS  (Adapted  from  EPA,  ly82) 


Cover  material  and/or  method  of  installation  Unit  c< 


Cement  concrete  (4  to  6  inch  layer),  mixed,  spread  $6-10/: 
compacted  onsite 

Aspnalt  concrete  (4  to  6  inch  layer),  including  $3-5/sc 

base  layer 

sprayed  aspnalt  membrane  (1/4  inch  layer  and  soil  $2-3/s< 
cover) ,  installed 

PVC  memorane  (20  mil),  installed  $l-2/sc 

Cnionnated  PE  membrane  (20-30  mil),  installed  $2-3/si 

Ethylene  interpolymer  alloy  membrane,  installed  $3-4/s< 

Hypalon  memorane,  (30  mil) ,  installed  $7/sq  \ 

Neoprene  memorane,  installed  $5/sg  ' 

Ethylene  propylene  rubber  membrane,  installed  $3-4/si 

Butyl  rubber  membrane,  installed  L3-4/s<. 
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TABLE  17 


COST  ITEMS  RELEVANT  TO  WASTE  CONTAINMENT 
FACILITIES 


1.  Cost  ot  materials  delivered  to  the  site. 

1.  Site  preparation: 

a.  Rouqh  qradinq 

b.  Subqrade  preparation 

c.  Compaction 

d.  Surtace  smoothinq 

3.  Costs  associated  witn  installation  of 
mater ials: 

a.  Special  structures  adaptation 

b.  Anchorinq 

c.  Field  seaminq 

d.  Quality  control  testinq 

4.  Groundwater  monitor inq  systems,  if  necessary, 

Iminq  interface. 

5.  Soil  cover  costs, 

b.  Liner/cover  costs. 

7.  Leachate  control  system, 

b.  Leachate  collection  and  treatment, 

y .  Gas  control  system. 


Source:  Matrecon,  lybO. 
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sealant 


only  at 


4 . tt  Applicability  and  limitations.  The  applicability  and 
limitations  ot  nonsoil  covers  as  a  means  of  in-place  closure  of 
inactive  waste  laqoons  are  conceptually  similar  to  respective 
issues  ot  soil  cover  systems  (subsection  3.7).  Additional  appli- 
caoility  and  limitation  issues  include  the  following: 

(a)  The  longevity  of  nonsoil  covers  is  questionable  for  the 
following  reasons: 

-  Synthetic  materials  nave  been  used  as  liners  and 

covers  for  only  snort  periods  of  time. 

-  Some  synthetic  materials  tend  to  lose  plasticizer 

and  oecome  brittle  ana  subject  to  crackinq. 

-  Tne  mecnanical  properties  of  synthetic  materials  may 

degrade  over  long  periods  ot  time. 

-  Rigid  cover  systems  (e.q.,  concrete)  may  fail  due  to 

the  instability  of  the  waste  material  itself. 

(o)  The  compatibility  of  the  cover  materials  with  waste 
components  is  questionable,  especially  over  long  per¬ 
iods  of  time. 

(c)  Nonsoil  materials  are  not  sufficient  as  a  cover  system. 

An  additional  soil  cover  layer  will  be  required  to 
protect  synthetic  or  riqid  materials. 

(d)  Nonsoil  materials  may  be  subject  to  massive  failure 

(e.q.,  crackinq)  and  may  cause  a  catastrophic  release 
of  contaminants  to  the  environment. 

These  limitations  may  reduce  the  potential  applicability  of  non- 
soil  materials  for  lonq -term  m-place  closure  of  laqoons.  How¬ 
ever,  nonsoil  materials  may  be  applicable  as  interim  remedial- 
action  measures  or  in  conjunction  with  other  measures  that  pro¬ 
mote  long-term  durability. 
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5.  SURFACE-WATER  DIVERSION 

5.1  Introduction .  Sur lace-water  diversion  techniques  may 
be  applied  to  in-situ  lagoon  closure  plans  to  nelp  provide  long¬ 
term  stability  of  a  closure  site.  Surface-water  diversion  is 
rarely,  if  ever,  the  only  remedial  measure  taken  at  a  lagoon 
site.  Normally,  surface-water  control  is  used  in  conjunction 
with  other  remedial  measures  such  as  surface  sealing,  ground¬ 
water  management,  and/or  waste  treatment,  in  an  integrated  clo¬ 
sure  plan. 

The  primary  objective  of  surface-water  diversion  is  to  hy- 
drologically  isolate  a  closed  lagoon  from  surface-water  inputs, 
and  thereby  reduce  the  potential  for  leachate  generation  and 
damage  to  other  engineering  control  measures  such  as  erosion  of 
cover  materials.  Several  well-established  surface-water  control 
methods  are  applicable  to  lagoon  closure.  Common  methods  include 
site  grading  and  use  of  diversions  or  terraces.  These  methods 
are  briefly  discussed  in  the  subsections  that  follow. 

5.1.1  Grading.  Grading  is  a  broad  term  used  to  describe 
techniques  commonly  used  in  the  construction  industry  to  reshape 
existing  land  surfaces.  Grading  can  be  used  durinq  site  closure 
as  a  surface-water  runoff  and  erosion  control  measure.  Excava¬ 
tion,  nauling,  spreading,  and  soil  compaction  are  the  major  ele¬ 
ments  of  a  complete  grading  operation.  Heavy  construction  equip¬ 
ment  is  required  for  these  operations. 

The  overall  design  objective  of  grading  is  to  accommodate 
rapid,  yet  controlled,  surface-water  runoff,  while  minimizing 
the  potential  for  soil  erosion.  Short  runoff  areas  are  desired 
with  side  slopes  steep  enough  to  promote  rapid  drainage,  yet  not 
excessively  steep  so  that  water  runoff  causes  erosion. 

Specific  design  criteria  for  grading  varies  from  site-to- 
site  depending  on  local  topography,  hydrology,  climate,  soil 
character ist ics ,  and  future  land  use  plans.  Some  fundamental  de¬ 
sign  guidelines  for  grading  are  outlined  in  subsection  5. 2. 

5.1.2  Diversions.  Diversions  are  drainageways  that  are 
constructed  along  the  contours  of  graded  slopes  with  an  earthen 
dike  on  the  downhill  side  of  the  drainaqeway.  Schematics  of  two 
types  of  diversions  are  presented  on  Figure  30,  showing  typical 
dimensions  and  basic  design  features. 
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The  purpose  of  a  diversion  is  to  intercept  and  convey  runoff 
to  stable  outlets  at  nonerosive  velocities.  Diversions  may  be 
used  in  the  vicinity  of  closure  sites  to  direct  surface  water 
from  higher  elevations  away  from  the  closed  lagoon  area.  This 
practice  is  commonly  referred  to  as  "diversion  of  run-on."  At 
closure  sites  with  earthern  caps  covering  a  large  surface  area, 
diversions  may  be  built  across  long  slopes  to  divide  the  slope 
into  shorter  nonerosive  segments. 

5.1.3  Terraces.  Terraces  are  wide,  flat,  or  gently-sloping 
areas  that  can  be  constructed  along  the  contour  of  very  long  or 
steep  slopes  at  closure  sites  to  slow  down  runoff  water  and 
prevent  erosion.  Terraces  usually  direct  water  into  diversions 
for  offsite  transport.  Common  design  configurations  tor  terraces 
are  depicted  on  Figures  31  and  32.  This  type  of  terracing  could 
be  incorporated  into  a  final  cover  design  or  design  for  major 
berms  or  dikes. 

5.2  Environmental  considerations.  Surface-water  diversion 
structures  must  oe  designed  on  a  site-oy-site  basis  considering 
local  environmental  conditions.  Environmental  factors  that  in¬ 
fluence  the  final  design  include  local  topography,  hydrology, 
climate,  soil  characteristics,  and  site  land-use  plans.  In  ad- 
tion  to  environmental  factors,  the  design  must  be  compatible 
with  the  other  engineering  control  measures  being  implemented  at 
a  site.  Factors  that  must  be  considered  include  the  following: 

(a)  Final  site  topography  and  grading  plan. 

(b)  Overall  drainage  plan  for  the  site  and  surrounding 

area . 

(c)  Final  cover  system. 

(d  )  Site  access  . 

(e)  Final  site  use. 

Detailed  methods  tor  designing  these  structures  can  be  found 
in  surface  hydraulics  texts.  General  design  guidelines  are 
listed  in  Tables  18,  and  19,  and  20. 
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a.  Terraces  with  reserve  fall 


Diversion 


Dike 

b.  Terraces  with  natural  fall 


Source  EPA,  1982 


Figure  31.  Common  design  configurations. 


TABLE  IB.  GRADING  —  FUNDAMENTAL  DESIGN  GUIDELINES  IN 

CLOSURE  OF  HAZARDOUS  WASTE  DISPOSAL  SITES  (EPA, 
19  B  2) 


1.  In  general,  a  disposal  or  lagoon  area  Deing  closed 
should  oe  graded  so  that  the  center  of  the  site  is  at 
the  highest  local  elevation. 

2.  Fill  material  used  for  reqrading  should  be  compacted 
to  prevent  excessive  future  settlement. 

3.  As  part  of  the  final  cover  and  grading  plan,  top  slopes 
of  closed  lagoon  areas  should  be  graded  from  5  to  12 
percent  to  promote  runoff  but  never  greater  than  18 
percent . 

4.  Slope  lengtn  should  be  minimized;  terraces  and  diver¬ 
sions  can  be  used. 

5.  Side  slopes  ot  oerms,  dines,  and  final  covers  should 
not  be  constructed  at  a  slope  exceeding  3:1. 

6.  soils  used  to  cover  graded  slopes  should  be  selected 
on  the  oasis  ot  shear  strength  and  erodibility.  Clayey 
soils  with  nigti  organic  contents  are  tne  most  desira¬ 
ble.  Sandy  and  silty  soils  are  eroaiole  and  should  be 
avoided  it  possible.  The  soils  ar.d  slopes  should  oe 
properly  staoilized  to  prevent  erosion  damage. 
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TABLE  19.  DIVERSIONS  --  GENERAL  DESIGN  AND  CONSTRUCTION 
CRITERIA  (EPA,  198  2) 


1.  Diversion  location  is  determined  on  the  basis  of  outlet 
conditions,  topography,  soil  type,  slope  length,  and 
grade . 

2.  Diversions  should  have  the  capacity  to  carry  tne  peak 
discharge  from  a  25-year  design  storm. 

3.  A  diversion  channel  should  generally  be  parabolic  or 
trapezoidal  in  Shape,  with  side  slopes  no  steeper  than 
2:1,  preferably  3:1. 

4.  The  supporting  dike  or  berm  should  have  a  minimum 
width  at  the  base  of  5  feet;  freeboard  should  be  6 
inches  minimum  over  the  peak  water  level  in  the 
channel . 

5.  Each  diversion  should  have  a  stable  outlet  such  as  a 
natural  waterway,  stabilized  open  channel,  cnute,  or 
downpipe . 

b.  The  diversion  should  be  adequately  stabilized  to  handle 
expected  peak  flow  velocities.  For  design  velocities 
<3.5  ft/ sec,  seeding  and  mulching  for  vegetative  es¬ 
tablishment  is  generally  adequate;  for  velocities  >3.5 
ft/ sec,  stabilization  with  sod  or  with  seeding  protect¬ 
ed  by  3ute  or  excelsior  matting  should  be  considered. 
Rip-rap  or  stone  lining  of  a  diversion  may  be  required 
to  handle  veolcities  >3.5  ft/sec  in  some  cases. 

7.  For  diversions  or  drainage  channels  that  carry  flow 
during  dry  weather  (base  flow)  due  to  groundwater 
discharge  or  delayed  subsurface  runoff,  the  bottom 
should  be  protected  with  a  stone  center;  subsurface 
drainage  witn  gravei/stone  trenches  may  be  required 
where  the  water  table  is  at  or  near  the  surface  of  the 
channel  bottom. 

8.  Any  till  that  is  required  to  construct  the  diversion 
should  be  compacted  to  minimize  the  potential  for  wash¬ 
out  or  settlement. 

9.  All  debris,  brush,  stumps,  excess  sediment  accumula¬ 
tion,  and  other  obstructions  will  be  cleared  to  prevent 
improper  functioning  of  the  diversion. 


TABLE  20.  TERRACES  --  GENERAL  DESIGN  GUIDELINES  (EPA,  1982) 


1.  Tiie  width  and  spacing  Detween  terraces  will  depend  on 
slope  steepness,  soil  type,  and  slope  lenqth. 

In  qeneral: 

1.  l-'or  slopes  qreater  than  10  percent,  one  terrace  per 

every  10-foot  rise  in  elevation  should  be  considered. 

2.  For  slopes  qreater  tiian  20  percent,  one  terrace  per 

every  20-toot  rise  in  elevation  should  oe  considered. 

1.  Terraces  snould  be  designed  witn  sufficient  width  and 
neiqht  to  withstand  a  24-nour,  25-year  storm  event. 

4.  Tne  terrace  ana  diversion/drainaqe  channel  snould  oe 

staoilized  to  handle  expected  velocities  and  flow  con¬ 
ditions.  Generally,  vegetative  stabilization  will  oe 
adequate,  however,  some  areas  may  require  riprap  or 

r  ock  . 
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-j  .  j  Economic  considerations.  A  systematic  dpproacn  to  es¬ 
timating  costs  tor  construction  of  surface-water  control  struc¬ 
tures  is  outlined  m  TaDie  21. 

Approximate  unit  costs  associated  witn  grading  and  surface- 
water  diversion  structures  are  presented  in  Taoles  22  and  zi, 
t  espect ively . 

0.4  Environmental  performance  verification.  Environmental 
performance  verification  of  surface-water  diversion  structures 
consists  primarily  of  the  following  measures: 

la)  Quality  control/c  nstruction  management. 

to )  Post -cons tr uct ion  inspections. 

-.'..silty  controi/construction  management  is  necessary  to  ensure 
tout  all  aesiqn  specifications  are  met  dunnq  construction  ot 
diversion  structures.  Typical  elements  of  a  quality  control  pro- 
gruii!  mcluae  site  surveying,  soil  testing,  and  visual  inspec¬ 
tions.  A1J  surfaces  should  be  checked  for  proper  compaction  and 
accurate  grade  levels.  Concrete  and  aspnalt,  if  used,  must  De 

pour  id, construe  ted  accoroinq  to  desiqn  specifications.  Suograoes 
muse  oe  inspected  tor  staoility,  ano  all  construction  materials 
must  be  cnecxed  to  ensure  that  they  conform  to  desiqn  specifica¬ 
tions.  Details  on  soil  testing  are  discussed  in  Section  3  tor 

cover  systems;  some  ot  tnese  tests  will  apply  for  diversion 

structures  (e.q.,  soil  classification,  sieve  analysis,  organic 
content,  proctor  test,  etc.). 

Post -constr uct ion  inspection  ot  surface-water  diversion 
structures  consists  primarily  ot  periodic  visual  inspections. 
Any  c  t  dCK s ,  erosion  damage,  or  malfunctions  should  oe  noted  ana 
corrected.  Periodic  maintenance  snoula  De  performed  as 
necessa  r  y . 

o.b  uinuta t  ions .  Surface-water  management  is  often  a  nec¬ 
essary  element  ot  in-place  closure  ot  inactive  lagoons.  This  re¬ 
medial  action  concept  is  often  cost-effective  and  provides  a 
ceasonaule  level  of  protection  with  respect  to  surface-water  and 
groundwater  quality.  Some  of  tne  limitations  ot  surface-water 
management  technology  include  the  following: 

la)  Surface-water  management  is  usually  not  sufficient  tor 
remedial  action.  However,  it  often  is  applied  in  com¬ 
bination  witn  other  in-place  closure  techniques 
(e.q.,  cover  systems)  to  form  a  cost  -e 1 1 ec 1 1 ve  reme¬ 
dial-action  ipproacu . 
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TABLE  21.  SYSTEMATIC  APPROACH  TO  ESTIMATING  COSTS  FOR 
SURFACE-WATER  CONTROL  STRUCTURES  (EPA,  1982) 


1.  Determine  source  of  required  earth  fill;  onsite  vs. 
off-site,  and  naulinq  distances. 

2.  Determine  amount  and  type  of  soil  fill  required  for  re- 
qradinq,  construction  of  terraces,  and  dikes  or  berms, 
and  associated  costs. 

3.  Determine  type  ar.d  quantity  of  other  materials  required 
(concrete,  asphalt,  riprap,  stone,  etc.)  and  associated 
costs. 

4.  Determine  installation  or  construction  costs. 

5.  Determine  costs  of  required  stabilization  (e.q.,  seed- 
inq,  riprap,  mattinq)  for  earthen  structures. 

6.  Determine  estimated  maintenance  and  repair  costs  that 
will  oe  incurred  until  the  control  measures  are  ade¬ 
quately  stabilized. 

7.  Total  costs  of  items  1  throuqh  6. 


TABLE  22.  UNIT  COSTS  ASSOCIATED  WITH  GRADING  COVERED 
DISPOSAL  SITES  (Adapted  from  EPA,  1982) 


Description 


Approximate 
unit  cost 


Topsoil  (sandy  loam) ,  haulinq, 
spreading,  and  qradinq  (within 
20  miles);  labor,  materials,  and 
equipment 

Onsite  excavation,  haulinq, 
spreadinq,  and  compacting  earth 
(1 ,000-  to  5,000-foot  haul); 
labor  and  equipment 

Loam  topsoil;  material  only 

Excavate,  haul  2  miles,  spread  and 
and  compact  loam,  sand,  or  loose 
qravel  (with  front  end  loader); 
labor  and  equipment  only 

Gradinq  site  excavation  and  till 
(no  compaction) 

75-hp  dozer,  300-foot  haul 
300-np  dozer,  300-foot  haul 

Testing  soils  tor  compaction 


$15.0U/cu  yda 


$1.00  -  2.00/cu  ydb 


$5.00/cu  ydb 
$1.75  -  2.00/cu  ya- 


$2.00  -  2.50/cu  ydc 
$1.50  -  2.00/cu  ydC 

$25.00  -  30.00/ sample4* 


aHaseley  Truckinq  Company,  1980. 
bMcMahon  and  Pereira,  1979. 
c Godfrey ,  1979. 


TABLE  23.  UNIT  COSTS  ASSOCIATED  WITH  SURFACE-WATER 

DIVERSION  AND  COLLECTION  STRUCTURES  (Adapted 
from  EPA,  198  2) 


Descciption 

Approximate 
unit  cost 

Trench  excavation: 

Loam,  sand,  and  loose  qravel  — 

1  ft  -  6  ft  deep,  1/2:1  sides 

6  ft  -  10  ft  deep 

SO  .50 
$0.50 

-  0.75  cu  yd 
to  0.60/cu  yd 

Compacted  qravel  and  till  -- 
1  ft  -  6  ft  deep,  1/2:1  sides 

6  ft  -  10  ft  deep 

SO. 50 
SO. 25 

-  0.75/cu  yd 

-  0  .50/cu  yd 

Buildinq  embankments; 
spreadinq,  shapinq,  compactinq; 
material  delivered  by  scraper 
material  delivered  by  back  dump 

SO. 25 
SO  .50 

-  0.5  0/cu  yd 

-  0  .75/cu  yd 

Loose  qravel,  excavation, 
loadinq,  haulinq  5  miles, 
spread  and  compactinq 

S4.00 

-  4. 50/cu  yd 

Stone  riprap;  dumped  from 
trucks,  machine -placed 

$15.00  -  20.00/cu  yd 

Soil  testinq: 

Liquid  and  plastic  limits 
Hydrometer  analysis; 

specific  qravity 

Moisture  content 

Permeability 

Proctor  compaction 

Shear  tests,  tnaxial 
direct  shear 

S 35/ test 

S60/test 

$10/test 

$50/test 

$40  -  50/test 

$200  -  350/test 

$75  -  225/test 

(b)  Lonq-term  integrity  of  surface-water  manaqement  devices 

is  questionable  due  to  erosion,  silt  buildup,  and 
plant  growth. 

(c)  Althouqh  surface-water  manaqement  is  considered  a  "pas¬ 

sive”  element  of  remedial  action,  some  level  of  main¬ 
tenance  is  required  to  keep  it  functional  for  lonq 
periods  of  time. 

(d)  Host  of  the  processes  do  not  lend  themselves  readily  to 

in-place  application. 

(e)  Safety  issues  may  limit  the  application  of  some  of  the 

processes.  Materials  handling,  heat,  or  incompatibil¬ 
ity  may  cause  explosion  and  other  hazards. 

(f)  Those  processes  tnat  have  to  be  completed  in  aqueous 

form  may  result  in  producing  leacnate  or  wastewater 
effluents. 

(q)Some  of  tne  processes  result  in  generation  of  more  toxic 
soluble  by-products  and/or  toxic  fumes  and  other  un¬ 
known  residuals, 

(h)  Furtner  research  is  needed  before  treatment  can  be  used 
as  a  means  of  in-place  closure  of  inactive  waste  la¬ 
goons.  Areas  of  concern  include  the  following: 


-  Treatability  of  mixed  wastes  representative  of  la¬ 
goon  contents. 

-  Determination  of  reaction  kinetics. 

-  Characterization  of  soluble  and  gaseous  by-prod¬ 
ucts. 

-  Evaluation  of  materials  handling  systems. 

-  Demonstration  of  the  most  promising  technology  in  a 
pilot  Plant,  full-scale  operation. 
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6.  ENVIRONMENTAL  ISOLATION  TECHNIQUES 

6.1  Description.  Environmental  isolation  techniques  are 
in-situ  closure  measures  that  isolate  a  laqoon  from  the  subsur¬ 
face  environment.  In  general,  these  measures  are  directed  toward 
the  control  of  groundwater  and  can  include  the  collection  or 
containment  of  contaminated  groundwater  as  a  leachate  plume  or 
diversion/manipulation  of  clean  groundwater.  These  groundwater 
control  techniques  are  divided  into  two  broad  categories  as  fol¬ 
lows: 

(a)  Groundwater  diversion  -  passive  controls. 

(b)  Groundwater  manipulation  -  active  controls  (see  Section 

7)  . 

Diversion  control  measures  are  essentially  "passive"  tech¬ 
niques  which  require  little  or  no  long-term  operating  require¬ 
ments.  Once  in-place,  these  controls  will  continue  to  function 
with  minimal  or  no  operating  support  such  as  utilities  or  per¬ 
sonnel.  The  manipulation  measures  involve  active  components  such 
as  pumps,  maintenance,  discharge  piping,  possible  treatment  sys¬ 
tems,  or  utilities. 

Tnese  two  broad  types  of  control  categories  are  not  mutually 
exclusive,  and  techniques  for  both  categories  may  be  combined 
into  an  overall  environmental  isolation  system.  For  example,  an 
active  control  such  as  extraction  (groundwater  pumping)  could  be 
used  with  a  passive  technique  such  as  a  slurry  wall  to  provide  a 
very  effective  isolation  system.  The  objective  is  to  make  maxi¬ 
mum  use  of  the  advantages  of  both  techniques  in  designing  the 
most  effective  overall  system. 

6.2  Groundwater  diversion.  Groundwater  diversion  technolo¬ 
gies  are  subsurface  control  measures  essentially  designed  to 
divert  the  flow  of  groundwater  or  contain  a  leachate  plume.  The 
primary  objective  of  these  measures  is  not  to  effect  significant 
changes  in  the  water  table  elevations,  such  as  raising  or  lower¬ 
ing  the  water  table,  but  to  redirect  or  divert  the  flow  of 
groundwater  around  a  lagoon  area  or  contain  leachate/ contaminat¬ 
ed  groundwater  under  a  lagoon.  The  successful  use  of  these  meas¬ 
ures  is,  of  course,  dependent  upon  the  specific  hydrogeologic 
and  soil  conditions  of  the  site. 
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6 . 3  Slurry  wails/cutoff  walls. 

b.3.1  Process  description.  The  use  of  slurry  walls  (also 
called  cutoff  walls)  was  oriqinated  in  the  raid-1940' s  for  the 
oil  industry  and  has  increased  durinq  the  last  two  decades 
(Gill,  1980)  with  many  applications  in  the  construction  indus¬ 
try.  The  use  of  slurry  walls  included  applications  as  founda¬ 
tion  and  embankment  cutoffs  for  water-retaininq  structures  and 
to  control  seepaqe  into  excavations  for  dewaterinq  purposes. 
More  recently,  slurry  walls  have  been  employed  to  prevent  mi- 
qration  of  liquid  waste  in  the  qroundwater  and  to  contain  leach¬ 
ate  from  solid  and  hazardous  waste  sites.  Mvances  in  technolo- 
qy  have  enabled  the  construction  of  low  permeability  cutoff 
walls  that  remain  stable  in  contaminated  environments  and  re¬ 
sist  attack  by  wastes  and  contaminated  qroundwater  (D' Appolonia, 
19  80)  . 

In  qeneral,  slurry  trenchinq  involves  excavatinq  a  narrow 
trench  (usually  over  3  feet  wide)  throuqh  a  pervious  deposit  and 
connectinq  into  a  low  permeability  zone  aquiclude.  Shallow 
trenches  are  normally  excavated  with  backhoe  equipment,  while 
for  qr eater  depth,  excavation  is  performed  by  clam  shell.  The 
sides  of  the  trench  are  supported  and  protected  from  collapsinq 
by  keepinq  the  trench  filled  with  a  bentonite  slurry  durinq  ex¬ 
cavation  and  prior  to  backfilling.  The  primary  function  of  the 
oentonite  slurry  is  to  maintain  the  stability  of  the  trench  wall 
durinq  excavation  until  the  trench  can  be  backfilled  with  lower 
permeability  material. 

The  slurry  used  in  trenchinq  operations  is  qenerally  a  4  to 
7  percent  suspension  of  bentonite  in  water  (Boyes,  1975).  Exca¬ 
vation  of  a  trencn  under  a  bentonite  slurry  allows  the  follow- 
mq  to  happen: 

(a)  The  slurry  acts  as  shorinq,  supportinq  the  trench  walls 
to  prevent  cave -in  and  slumping  durinq  excavation. 

(d)  The  weiqnt  of  the  slurry  forces  oentonite  to  penetrate 
the  voids  in  the  soil  matrix  on  the  inner  trench 
walls  and  bottoms. 

The  latter  effect  causes  the  sides  and  the  bottoms  of  the  trench 
to  be  lined  with  a  layer  of  bentonite  (filter  cake)  ,  thereby  re¬ 
ducing  the  permeability  (U.S.  EPA,  1982). 
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When  the  section  of  a  trench  has  been  excavated  to  the  de¬ 
sired  depth,  backfilling  follows,  often  at  one  section  of  a 
trench  while  a  new  section  is  being  excavated.  Several  media 
can  be  used  for  backfilling  the  trench  including  the  following: 

(a)  Soil/ bentonite  mixture. 

(b)  Cement/bentonite  mixture. 

(c)  Reinforced  concrete. 

Soil/ bentonite  cutoff  walls  are  formed  by  mixing  small  amounts 
of  bentonite  slurry  from  the  trench  with  needed  soils.  Cement- 
bentonite  cutoff  walls  are  excavated  using  a  slurry  of  Portland 
cement  and  bentonite  that  is  left  to  set,  forming  the  final 
wall.  In  general,  soil/ bentonite  cutoff  walls  have  the  wider 
application  range  for  environmental  rehabilitation  of  inactive 
waste  disposal  sites  because  of  their  low  permeability,  wide 
range  of  waste  compatibility,  and  lower  cost.  However,  they 
require  a  large  work  area,  flat  topoqraphy,  and  exhibit  lower 
structural  strengtn  (higher  elasticity) . 

For  most  applications  a  slurry  wall  must  be  connected 
(keyed)  to  a  low  permeability  stratum  (aquiclude)  or  a  competent 
qeological  member  (bedrock)  in  order  to  have  an  effective 
groundwater  diversion  or  isolation  of  waste  or  leachate  plume, 
in  a  few  cases,  however,  nonkeyed  (hanging)  slurry  walls  may  be 
used  to  isolate  or  recover  lower  density  immiscible  fluids,  such 
as  hydrocarbons  and  petroleum  products,  that  could  remain  float¬ 
ing  at  the  upper  layers  of  groundwater. 

Slurry  wall  techniques  may  have  some  merit  in  remedial  ac¬ 
tion  projects  for  inactive  waste  laqoons.  After  proper  site 
characterization,  design,  and  construction,  a  slurry  wall  could 
provide  one  or  a  combination  of  the  following  benefits: 

(a)  Diversion  of  groundwater  around  the  lagoons  or  contam¬ 

inated  area. 

(b)  Containment  of  leachate  plume  in  the  vicinity  of  tne 

lagoon . 

(c)  Attenuation  of  contaminants  present  in  leachate  plume 

by  using  the  ion  exchange  capacity  of  the  slurry  wall 

material. 


It  should  be  emphasized,  however,  that  slurry  cutoff  walls  are 
applicable  only  to  specific  situations  where  site  characteris¬ 
tics  allow  proper  isolation  of  the  waste  or  the  contaminants, 
and  should  not  be  viewed  as  a  universal  answer  to  all  laqoon 
site  areas.  Moreover,  slurry  walls  will  rarely,  if  ever,  be  the 
only  remedial  measure  applied  to  a  laqoon  area.  They  are  usually 
accompanied  by  other  remediation  measures,  such  as  surface  seal- 
linq,  active  or  passive  qroundwater  manaqement,  waste  treatment, 
or  waste  removal. 

Slurry  wall  construction  utilizes  common  earth  movinq  and 
excavation  techniques  and  commercially  available  equipment  and 
materials.  Trenches  as  deep  as  50  feet  could  be  excavated  usinq 
hydraulic  backhoe  equipment.  Deeper  trenches  require  clamshell 
excavation  equipment.  All  such  equipment  is  commercially  avail¬ 
able;  however,  the  unit  costs  (in  $/square  foot  of  slurry  wall 
area)  increase  drastically  with  increase  in  depth  over  50  feet. 
Most  applications  of  isolation  of  laqoons,  therefore,  are  for 
those  sites  where  an  aquiclude  is  found  within  50  feet  below 
the  laqoon  area  surfaces. 

Conceptual  applications  of  slurry  walls  and  control  of  mi- 
qration  of  contaminants  from  hazardous  waste  laqoons  include  the 
followinq: 

(a)  Utilization  of  slurry  walls  that  are  keyed  to  an  aqui¬ 

clude  as  a  means  of  capture  and  recovery  of  leachate 

that  miqht  oe  seepinq  from  the  laqoons. 

(b)  Used  in  conjunction  with  a  laqoon  sealinq  system  for 

passive  containment  of  waste  and  leachate. 

(c)  Use  of  a  "hanqing"  slurry  wall  for  containment  and  re¬ 

covery  of  liqhtweiqht  immiscible  fluid  (e.q.,  petro¬ 
leum  products) . 

(d)  Use  of  circumferential  wall  configuration  to  completely 

encircle  the  waste  laqoon. 

(e )  Use  of  partial  slurry  wall  configuration  upqradient 

from  the  laqoon  to  divert  groundwater. 

(f)  Use  of  downgradient  slurry  walls  to  capture  and  recover 

contaminated  groundwater. 


184 


6.3.2  Environmental  considerations  and  constraints. 

6.3. 2.1  Waste  characteristics.  The  presence  of  organic  and 
innorganic  compounds  in  the  leachate  or  in  the  groundwater  can 
have  detrimental  effects  on  the  bentonite  slurry  used  for  con¬ 
struction  and  admixture  with  soil  to  fill  the  trench.  Such  con¬ 
taminants  could  affect  the  physical  and  chemical  properties  of 
the  bentonite  and  the  slurry  wall  itself  or  the  backfill  mate¬ 
rial.  This  may  lead  to  deterioration  of  the  quality  of  the  wall 
and  its  long-term  effectiveness  m  containment  and  isolation  of 
tne  lagoon  area.  Such  detrimental  effects  include  the  following: 

(a)  Flocculation  of  the  slurry. 

(b)  Reduction  of  bentonite  swellinq  capacity. 

(c)  Structural  damage  of  the  bentonite  or  backfill  materi¬ 

al. 

(d)  Increase  in  permeability  m  the  slurry  wall. 

The  presence  of  a  high  concentration  of  electrolytes,  such 
as  sodium,  calcium,  and  heavy  metals  in  the  groundwater  (Matre- 
con,  1980) ,  can  produce  several  changes  in  the  bentonite  water 
system  that  will  lead  to  flocculation  or  reduced  hydration  of 
the  bentonite.  Monovalent  sodium  ions  on  the  surface  of  the 
bentonite  clay  can  be  readily  exchanged  with  multivalent  ions, 
such  as  calcium  or  otner  metal  ions,  contained  in  the  contami¬ 
nated  groundwater. 

Strong  organic  and  inorganic  acids  and  bases  can  dissolve 
or  alter  the  bentonite  or  soil  portion  of  the  backfill  material, 
leading  to  a  significant  increase  in  permeability.  Aluminum  and 
silicate,  two  of  the  major  components  of  bentonite,  are  readily 
dissolved  oy  strong  acids  or  bases  (Matrecon,  1980) .  For  exam¬ 
ple,  wnen  clays  are  exposed  to  acetic  acid,  significant  soil 
piping  occurs  due  to  the  solution  of  the  soil  components  (Ander¬ 
son,  Brown  &  Green,  1982).  This  leads  to  a  significant  increase 
in  permeability  m  all  clay  types,  although  strong  bases  usually 
produce  a  greater  increase  in  permeability  than  acids. 

Various  organic  and  inorganic  compounds  can  cause  a  change 
in  the  amount  of  swelling  that  bentonite  particles  have  under¬ 
gone.  This  can  lead  to  increased  permeability  of  the  finished 
slurry  wall.  The  decrease  in  the  amount  of  swelling  of  the  hy¬ 
drated  bentonite  increases  the  amount  of  pore  space  in  the 
backfill,  thus  increasing  the  permeability  of  the  wall. 
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Neutral  polar  organic  compounds  can  replace  the  water  con¬ 
tained  in  the  clay  particle  interlayers  thus  affectinq  the  size 
ot  the  bentonite  particles  (Anderson  &  Brown,  1981).  For  exam¬ 
ple,  acetone,  a  neutral  polar  compound,  causes  a  significant  in¬ 
crease  in  permeability  in  four  types  of  clay  (Anderson,  Brown  & 
Green,  1980).  In  the  Anderson  study,  after  contact  with  the  ace¬ 
tone,  the  clay  showed  extensive  shrinkage  and  cracking.  This 
soil  shrinkage  is  usually  associated  with  hydration,  indicating 
that  the  acetone  extracted  water  from  the  soils  surfaces.  It 
should  be  noted,  however,  that  the  concentrations  of  organic 
Chemicals  used  in  these  studies  are  orders  of  magnitude  in  ex¬ 
cess  of  those  found  in  environmental  situations.  The  results, 
however,  indicate  what  could  happen  under  extreme  conditions. 

Table  24  gives  a  qualitative  summary  ot  the  effect  of  per¬ 
meation  by  various  pollutants  on  the  permeability  of  soil/ben¬ 
tonite  backfill  mixes  containing  about  30  to  40  percent  fines. 
Tests  should  always  be  conducted  usinq  the  specific  soil  mate¬ 
rials  from  the  site  and  the  actual  pollutant  in  designing  a  cut¬ 
off.  Nevertheless,  the  results  of  a  large  numoer  of  experiments 
on  a  variety  ot  materials  using  a  range  of  representative  pollu¬ 
tants  indicate  tnat  a  well-qraded  soil/bentonite  material  con¬ 
taining  more  than  30  percent  plastic  fines  and  about  1  percent 
bentonite  exhibit  only  a  small  increase  in  permeability  when 
leached  with  many  common  contaminants.  A  permeability  increase 
of  a  factor  of  2  to  4,  if  considered  undesirable,  can  be  reduced 
by  addition  of  more  clay  or  by  increasing  the  plasticity  of  the 
fines  contained  in  the  backfill  blend.  Increasing  the  clay  con¬ 
tent  will  both  reduce  the  initial  permeability  and  the  magnitude 
of  the  increase  (D'Appolonia,  1980). 

6.3.  2.  2  Site  conditions.  A  key  to  the  success  of  bentonite 
slurry  walls  as  a  means  of  waste  and  contaminant  isolation  de¬ 
pends  on  the  actual  site  conditions.  It  is  essential  to  have  de¬ 
tailed  site  characteristics,  especially  in  the  areas  listed  in 
Table  25 . 

Knowledge  of  the  geohydr ological  characteristics  of  the  site 
is  an  essential  part  of  selection,  design,  and  construction  of 
a  bentonite/slurry  cutoff  wall,  especially  in  the  following 
areas: 

(a)  Tne  depth  to  which  the  trench  and  slurry  walls  will  ex¬ 

tend. 

(b)  The  type  of  anchoring  (connection)  with  the  aquiclude. 

(c)  The  type  of  excavation  equipment  to  be  used. 

(d)  The  suitability  of  all  soils  found  on  the  site  tor 

backfilling  the  trench. 


TABLE  24.  SOIL/BENTONITE  PERMEAB IEITY  INCREASE  DUE  TO 
LEACHING  WITH  VARIOUS  POLLUTANTS 


Soii/bentonite  backfill 
(silty  or  clayey  sand) 

Pollutant  (30  to  40  percent  fines 

CA++  or  Mq++  at  1,000  ppm  N 

CA++  or  MG++  at  10,000  ppm  M 

NH4NO3  at  10  ,000  ppm  M 

Acid  (pH>-l)  N 

Stronq  acid  (pH  >-1)  M/Ha 

Base  (pH  <ll)  N/M 

Stronq  base  lpH>-ll)  M/Ha 

benzene  N 

Phenol  solution  N 

Sea  Water  N/M 

Brine  (SG-1.2)  M 

Acid  mine  drainaqe  (FeSO^pH  3)  N 

Liqnin  (in  Ca++  solution)  N 

Orqamc  residues  from  pesticide  manufacture  N 

Alcohol  M/'H 

aSiqnificant  dissolution  likely. 

Key 

N  =  No  siqnificant  effect;  permeability  increase  by  about  a 
factor  of  2  or  less  at  steady  state. 

M  =  Moderate  effect;  permeability  increase  by  factor  of  2  to 
5  at  steady  state. 


H  *  Permeability  increase  by  factor  of  5  to  10 
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TABLE  25.  SITE  DATA  FOR  SLURRY  WALL  EVALUATION 


1.  The  groundwater  regime  including  water  table  deptr 
and  flow  gradients. 

2.  Aquifer  type  (confined  and/or  unconfined). 

3.  Groundwater  quality  and  characteristics,  including 
the  presence  of  ionic  species  that  might  interfere 
witn  the  slurry  wall  characteristics. 

4.  Soil  characteristics  including  soil  type,  particle 
size  and  distribution,  and  permeability. 

5.  Structural  attitude  and  distribution  of  bedrock  anc 
overlying  strata  below  the  lagoon  site. 

6.  Presence  and  depth  of  aquiclude  and  low  permeabil¬ 
ity  deposit  or  component  bedrock. 

7.  Weathering  of  these  strata,  and  evidence  of  incom¬ 
petence  of  rock  formation. 

8.  Chemical  and  physical  properties  of  geological 
strata,  including  mineralogy  and  permeability. 
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6.3.3  Process  evaluation  methodoloqy.  The  major  functional 
elements  of  design  and  construction  of  a  bentonite  slurry  wall 
include  developing  the  following  design  bases: 

(a)  Slurry  preparation  and  placement. 

(b)  Trench  excavation. 

(c)  Soil/bentonite  backfilling. 

(d)  Slurry  wall  connections. 

A  systematic  approach  for  the  evaluation  of  such  elements  and 
other  technical  and  cost  considerations  are  discussed  in  the 
following  paragraphs. 

6.3. 3.1  Slurry  preparation  and  placement.  Prior  to  initiat¬ 
ing  excavation,  the  slurry  must  be  prepared  to  be  used  in  the 
trench  construction.  The  basic  functions  of  the  slurry  are  as 
follows: 

(a)  Keep  the  trench  open  during  excavation. 

(b)  Form  a  "filter  cake"  on  the  inner  trench  walls  and  bot¬ 

tom. 

(c)  Remain  fluid  during  placement  of  backfill  material. 

Tne  quality  of  the  slurry  is,  therefore,  a  key  element  in  the 
stability  and  success  of  construction  and  performance  of  the 
cutoff  wall.  Primary  slurry  properties  considered  to  be  impor¬ 
tant  and  typically  specified  are  viscosity,  density,  filtrate 
loss,  and  pH  (Millet  and  Perez,  1981). 

In  slurry  trench  practice,  viscosity  is  generally  measured 
with  a  Marsh  funnel.  Viscosity  is  a  measurement  of  the  ability 
of  a  fluid  to  resist  shearing;  a  minimum  viscosity  of  approxi¬ 
mately  40  Marsh  seconds  is  generally  considered  appropriate  for 
slurry  wall  construction  (Millet  and  Perez  1981). 

The  minimum  density  of  the  slurry  is  normally  slightly 
greater  than  that  of  groundwater.  The  maximum  unit  weight  is 
typically  on  the  order  of  65  pounds/cubic  foot  -  75  pounds/cubic 
toot,  and  is  limited  to  ensure  the  bentonite  soil  backfilling  is 
not  impeded  (Millet  and  Perez,  1981). 

Filtrate  loss  for  a  bentonite  slurry  is  determined  by  a 
standard  filter  press  test  (American  Petroleum  Institute  (API) 
Test  RP13B) .  The  filter  press  test  is  used  to  simulate  the  for¬ 
mation  of  filter  cake  that  is  built  up  on  the  excavated  surfaces 
oy  the  electrokmetic  and  seepage  forces  pusning  the  slurry 
through  the  sides  of  the  trench.  Filtrate  loss  and  corresponding 


189 


'52^333 


cake  tnickness  are  indicative  of  how  much  slurry  loss  will  occur 
during  excavation  of  the  trench,  and  how  fast  the  cake  will  form 
or  reform  on  the  sides  of  the  trench  if  damaqed,  e.q.,  by  the 
excavating  tool.  A  normal  range  of  filtrate  loss  for  bentonite 
slurries  for  slurry  wall  construction  is  from  25  to  30  cubic 
centimeters  (Millet  and  Perez,  1981)  . 

The  last  important  control  item  on  slurry  properties  is  pH, 
especially  in  an  area  where  the  chemistry  of  the  soil  excavated 
or  of  the  groundwater  could  dramatically  change  the  pH  of  the 
bentonite  slurry  mixture.  The  most  desirable  ranqe  for  the  slur¬ 
ry  pH  is  on  the  order  of  6.5  to  10  (Millet  and  Perez,  1981). 

Mixing  of  slurry  is  accomplished  in  either  batch  mixinq  op¬ 
erations  using  high  speed  mixers  in  a  tank  that  contains  water 
and  bentonite,  or  continuous  processing  using  flash  or  venturi 
mixers.  Mixing  is  continued  until  the  desired  Marsh  funnel  vis¬ 
cosity  reading  is  stabilized.  After  mixing  and  hydration  of  the 
slurry,  it  is  often  placed  in  a  pond  for  storaqe  (see  Fiqure 
33) .  The  slurry  is  then  pumped  to  the  active  excavation  area. 

6.3. 3.2  Trench  excavation.  The  trench  excavation  design 
should  specify  the  minimum  width  and  depth.  In  addition,  it  is 
normal  to  specify  a  maximum  deviation  from  plumbness  for  the 
wall.  With  respect  to  depth  and  width,  these  criteria  are  usu¬ 
ally  established  by  the  structural  requirements  of  the  wall, 
the  excavatinq  equipment  thought  most  appropriate  for  the  site 
conditions,  and  the  depth  and  type  of  geological  formations. 

In  setting  the  minimum  thickness  of  the  cutoff  wall,  the 
hydrostatic  head  and  permeability  of  the  backfill  materials 
must  be  evaluated.  Typically,  a  soil/bentonite  backfill  slurry 
wall  should  have  a  tnickness  of  5  to  7.5  feet  (1.5  to  2.3 
meters).  For  a  cement/bentonite  slurry  trench  cutoff  wall,  the 
increased  shear  strength  of  the  backfilled  wall  has  typically 
permitted  the  wall  thickness  to  be  set  at  a  minimum  physical 
excavation  thickness,  i.e.,  somewhere  between  24  and  36  inches 
(610  and  910  millimeters)  (Millet  and  Perez,  1981). 

The  state-of-the-art  of  plumbness  is  such  that  walls  have 
been  built  to  depths  of  over  400  feet  (122  meters)  with  less 
than  a  6  inch  (15  2  millimeter)  deviation  from  the  vertical, 
i.e.,  1:800.  However,  such  severe  limitations  on  verticality 
should  be  specified  only  in  cases  where  this  is  deemed  to  be  a 
necessary  requirement  for  the  intended  purpose  of  the  wall.  On 
most  projects,  tolerances  of  1:80  to  1:100  have  been  used  and 
found  to  be  satisfactory  (Millet  &  Perez  1981). 
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Proposed  excavation  line 


Typical  slurry  wan  construction  site. 


6.3.  3.  3  Soil/oentonite  backfillinq.  A  schematic  cross-sec¬ 
tion  of  a  completed  soil/bentonite  slurry  trench  is  shown  on 
Figure  34.  The  bentonite  slurry  that  penetrates  the  ground  and 
the  bentonite  filter  cake  that  is  deposited  on  the  walls  of  the 
trench  during  excavation  contribute  to  the  effectiveness  of  the 
cutoff  wall. 

The  permeability  of  a  soil/ bentonite  backfill  material  is 
dependent  on  both  the  soil  gradation  and  the  quantity  of  ben¬ 
tonite  used  in  blending.  Both  factors  are  important.  Figure  35 
illustrates  the  relationship  between  soil/bentonite  backfill 
permeability  and  the  quantity  of  bentonite  in  the  blend  for 
several  different  types  of  soil.  The  amount  of  bentonite  nor¬ 
mally  added  to  the  soil  bentonite  backfill  by  way  of  the  slurry 
used  to  sluice  the  soil  durinq  blendinq  is  0.5  to  1.5  percent , 
depending  on  the  initial  water  content  of  the  soil.  Therefore, 
if  higher  bentonite  contents  are  required,  dry  bentonite  must 
oe  added  to  the  mix.  Figure  35  demonstrates  that  low  permea¬ 
bility  can  be  achieved  either  by  adding  large  amounts  of  ben¬ 
tonite  to  relatively  coarse-grained  or  poorly  qraded  soils 
(silts,  sands,  and  gravels)  or  by  utilizing  significant  amounts 
of  clay  soil  in  the  blend  and  relatively  small  amounts  of  ben¬ 
tonite. 


6.3. 3.4  Slurry  wail  connections.  In  the  instances  where 
slurry  trench  cutoff  walls  have  failed  to  perform  to  design  ex¬ 
pectations,  experience  has  shown  that  the  failures  have  been 
due  either  to  an  imperfect  connection  between  the  slurry  trench 
cutoff  and  the  underlying  aguiclude  (e.g.,  clay  layer  or  compe¬ 
tent,  tight  bedrock) ,  or  failure  to  completely  excavate  the 
slurry  trench,  thereby  leaving  zones  of  unexcavated  pervious  ma¬ 
terial  above  the  aquiclude.  When  keying  a  cutoff  trench  into  an 
underlying  clay  layer,  a  minimum  key  depth  of  at  least  2  to  3 
feet  is  normally  used  to  achieve  an  adequate  connection.  As 
shown  in  Fiqure  36,  the  key  must  be  deep  enough  to  penetrate 
any  pervious  lenses,  weathered  zones,  dessication  cracks  or 
other  geological  features  that  might  permit  seepage  under  the 
cutoff  (D*  Appo  Ionia  ,  1980). 

An  effective  connection  Detween  a  cutoff  trench  and  bedrock 
is  often  a  difficult  proposition.  The  key  must  obviously  be 
sufficient  to  penetrate  broken  zones  and  the  weathered  rock 
surface.  Sometimes  these  materials  can  be  excavated  with  trench¬ 
digging  equipment.  However,  excavation  into  rock,  even  if  the 
rock  is  jointed  and  fractured,  is  often  impossible  except  by 
using  percussion  tools  or  other  equipment  that  further  fractures 
and  breaks  the  rock.  In  many  cases,  it  is  more  appropriate  to 
grout  the  contact  between  the  slurry  trench  cutoff  and  the  rock 
(Figure  36)  than  attempting  to  advance  the  cutoff  into  rock. 
(D'Appolonia,  1980) . 


Bentonite  filter  cake 


Source:  D'Appolonia,  1980  (reproduced  by  permission  of  the  author) 

Figure  34.  Schematic  cross-section  of  slurry  trench  cutoff. 


Permeability  of  soil /bentonite  backfill,  cm/sec 


%  Bentonite  by  dry  weight  of  soil/bentonite  backfill 


Source:  D'Appolonia,  1980  (reproduced  by  permission  of  the  author) 

Figure  35.  Relationship  between  permeabHity  and  quantity 
of  bentonite  added  to  soil /bentonite  bacMM. 

]'»4 


Sometimes  slurry  trench  cutoffs  are  used  in  connection  with 
dikes  constructed  above  grade.  Depending  on  available  dike  con¬ 
struction  materials,  the  economical  procedure  may  be  to  first 
construct  the  dike  and  then  construct  the  slurry  trench  cutoff 
through  both  the  dike  and  the  foundation  as  shown  on  Figure  37. 
When  impervious  dike  construction  materials  are  availade,  it 
is  usually  more  economical  to  construct  the  slurry  trench 
through  the  foundation  and  then  construct  the  impervious  dike 
over  the  slurry  wall.  In  this  latter  case,  the  connection  be¬ 
tween  the  slurry  trench  and  dike  is  an  extremely  important  de¬ 
tail  (D'Appolonia,  1*80)  . 

6.3. 3.5  Economic  considerations.  The  cost  of  a  slurry  wall 
varies  greatly  depending  on  the  following  factors: 

(a)  Type  of  geological  formation. 

(b)  Depth  of  excavation  and  type  of  equipment. 

(c)  Size  and  perimeter  of  lagoon. 

(d)  Source  and  availability  of  bentonite  and  backfill  mate- 

r  ial. 

(e)  Site  topography  and  accessibility. 

(f)  Environmental  constraints. 

The  unit  cost  (per  square  foot)  of  slurry  wall  is  most  sen¬ 
sitive  to  the  following: 

(a)  Depth  of  trench. 

(b)  Type  of  geological  material. 

(c)  Type  of  backfill  material. 

The  following  canqes  are  based  on  recent  cost  estimates: 

(a)  Soil/ bentonite  slurry  wall  excavated  m  soft  to  medium 

soils: 

-  Up  to  30  foot  depth  $3  to  6/square  foot 

-  30  to  50  feet  $7  to  10/square  foot 

-  75  to  125  feet  $8  to  15/square  foot 

(b)  For  hard  soils  the  cost  per  unit  area  increases  by  a 

factor  of  2  over  soft  soils  ($6  to  $30/square  foot, 

depending  on  depth) . 
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(c)  When  excavating  in  soft  to  medium  rock,  sandstone,  or 

shale  the  cost  per  unit  area  ($10  to  $60/square  foot) 
is  usually  tnree  to  five  times  the  unit  cost  for 
slurry  walls  constructed  in  soft  soil  ($3  to  $6/ 
square  foot) . 

(d)  Backfillinq  with  cement/ bentonite  versus  soil/bento¬ 

nite,  increases  the  unit  cost  by  a  factor  of  four 
(i.e.,  $20  to  $200/square  foot,  depending  on  the 
depth  of  excavation  and  the  type  of  geological  mate¬ 
rials  ) . 

6.3.4  Construction  verification.  The  critical  issue  in  ap¬ 
plication  of  a  slurry  wall  as  a  device  for  pollution  abatement 
is  its  ability  to  prevent  or  greatly  reduce  the  potential  of 
contaminant  migration  from  the  waste  disposal  area.  An  effective 
slurry  wall  must,  therefore,  meet  all  the  engineering  perform¬ 
ance  requirements,  as  well  as  a  set  of  environmental  performance 
requirements  including  permeability  and  compatibility  with  con¬ 
taminants.  The  following  subsections  address  the  means  of  short 
and  long-term  testing  quality  control  and  verification  of  per¬ 
formance,  respectively. 

In  addition  to  the  contractor's  quality  control,  geotechni¬ 
cal  organization  is  often  used  for  construction  quality  assur¬ 
ance.  Such  geotechnical  quality  assurance  services  may  include 
spot  testinq  of  the  appropriate  specified  criteria,  i.e.,  slurry 
viscosity,  slurry  density,  slump  of  oackfill,  depth  of  trench 
bottom,  etc.  The  frequency  of  the  spot  checks  and  spot  testinq 
would  be  dependent  on  the  volume  and  production  of  work  and  the 
discrepancy,  if  any,  between  spot  checks  and  the  contractor's 
quality  control  testing  (Miller  and  Perez,  1*81).  The  following 
paragraphs  describe  some  of  tne  key  test  procedures  required  for 
QC/QA. 

6.3. 4.1  Materials  quality  control.  A  nqorous  quality 
control  program  should  be  maintained  through  all  construction 
steps  of  tne  slurry  wall.  This  usually  covers  water  quality, 
bentonite  type,  slurry  quality,  backfill  characteristics,  etc. 
Table  26  lists  key  parameters  of  the  material  quality  control 
program  for  bentonite  slurry  walls  (Federal  Bentonite,  1*81). 

6.3. 4. 2  Filtrate  loss  test.  One  of  the  key  tests  that 
should  be  conducted  prior  to  placement  of  slurry  in  a  trench  is 
filtrate  loss.  This  test  simulates  the  formation  of  filter  cake 
on  the  inner  walls  of  the  trench.  This  test  involves  measuring 
the  amount  of  water  lost  from  a  25-cp  slurry  through  filter 
paper  when  subjected  to  a  pressure  of  100  psi  for  30  minutes 
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(Grim  and  Guven,  1978)  .  A  test  tnat  is  often  specified  tor  fil¬ 
trate  loss  is  the  American  Petroleum  Institute  (API)  Recommended 
Practice)  "Standard  Procedure  for  Testing  Drillinq  Fluids,"  API 
RP  13B  (API,  1982). 

6.3.  4.  3  Slurry  viscosity.  Marsh  cone  readmqs,  which  are 
used  to  measure  slurry  viscosity,  measure  a  series  of  interre¬ 
lated  properties  including  density,  viscosity,  and  shear 
strenqth  (Hutchison  et  al. ,  1975).  These  tests  indicate  the  re¬ 
sponse  of  the  slurry  to  conditions  found  in  the  trench.  For  ex¬ 
ample,  Marsh  cone  readinqs  less  than  40  seconds  indicate  a  slur¬ 
ry  that  has  poor  filter  cake  formation  and  insufficient  trench 
supporting  ability.  Marsh  cone  readinqs  also  indicate  the  work¬ 
ability  of  the  slurry.  If  the  readinq  is  too  high,  the  slurry 
can  oecome  too  dense  and  difficult  to  work  with.  If  it  is  too 
low,  trench  wall  stability  may  suffer  (Ryan,  1976). 

D'Appolonia  (1980)  found  that  slurry  viscosity  has  a  direct 
influence  on  filter  cake  permeability  and  is  one  of  the  most 
crucial  slurry  characteristics.  The  relationship  between  vis¬ 
cosity  and  filter  cake  permeability  is  shown  on  Figure  38. 

6.3. 4. 4  Slurry  density.  The  density  of  the  slurry  should 
be  tested  to  ensure  that  the  slurry  in  the  trench  is  sliqhtly 
heavier  than  groundwater.  The  specified  maximum  unit  weight 
typically  ranqes  from  65  to  75  pounds/ cubic  foot  (29  to  34  kilo- 
grarn/cubic  meter). 

6.3. 4.5  Excavation  tolerance.  Field  quality  control  pro¬ 
cedures  must  be  followed  to  ensure  that  minimum  width  and  depth 
of  the  wall  have  to  be  accomplished.  In  addition,  the  plumbness 
of  the  wall  itself  must  be  verified.  For  most  projects,  toler¬ 
ances  of  plumbness  are  specified  to  not  exceed  1:100  (Millet  and 
Perez  1981) . 

6.3. 4.6  Backfill  material.  Quality  control  of  backfill 
material  should  demonstrate  that  the  material  has  the  following 
character istics: 

(a)  Is  tree  of  incompatible  materials  such  as  organic  mat¬ 

ter,  debris,  salts,  gypsum,  etc. 

(b)  Has  suitable  particle  size  distribution. 

(c)  Mixes  with  slurry  to  form  a  homogeneous  paste. 

(d)  Contains  the  specified  fraction  of  bentonite. 
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Source:  D'Appoloma,  1980  (reproduced  by  permission  of  the  author) 

Figure  38.  Relationship  between  cake  permeability 
and  slurry  viscosity. 
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The  slump  of  the  Dackfill  material  is  an  expression  of  it 
tendency  to  flow.  This  test  qives  a  practical  measure  of  back 
till  material  performance  in  the  slurry  trench.  An  optimu 
ranqe  of  slump  that  is  specified  for  backfill  material  ranqe 
from  2  to  7  inches  (Case,  1982)  .  The  density  of  the  backfil 
material  should  also  be  tested  in  the  field  and  kept  within  a 
optimum  ranqe  of  105  to  120  pounds/cubic  foot  (1,680  to  1,92 
kiloqrams/cubic  meter).  At  such  conditions  ,the  backfill  mate 
rials  easily  displaces  the  slurry  in  the  trench  forminq  succes 
sive  layers  of  low  permeability  materials,  as  shown  on  Fiqure  3 
(D ' Appolonia,  1980). 

The  sheer  strenqtn  of  the  backfill  must  be  hiqh  enouqh  t 
allow  it  to  stand  on  a  5:1  to  10:1  slope  (Millet  and  Perez 
1981).  Additional  qeotechnical  properties  of  backfill  materia 
include  testinq  for  resistance,  hydraulic  pressure,  plastic  de 
formation  potential,  and  consolidation  properties  to  ensure  Ion 
term-inteqr lty  of  the  slurry  wall. 

6.3. 4.7  Permeability.  Permeability  is  a  key  element  in  th 
performance  of  the  slurry  wall  and  is  a  function  of  several  fac 
tors  includinq  bentonite  content  in  slurry  and  backfill,  qrai 
size  distribution,  density,  and  chemical  contaminants  in  qround 
water.  A  field  and  laooratory  proqram  to  test  permeability  mus 
be  an  inteqral  part  of  the  construction  quality  control  of  th 
slurry  wall  (e.q.,  ASTM  standard  test  method  for  permeabilit 
of  qranular  soils,  ASTM-D2434,  1982).  The  results  of  the  permea 
bility  of  a  slurry  wall  ranqe  from  1  x  10-f>  to  1  x  10" 
centimeters/ second.  A  common  qoal  is,  however,  1  x  10-7  cen 
t imeter  s/second. 

6.3. 4.8  Connection  with  aquiclude.  Adequate  keyinq  (con 
nection)  in  the  aquiclude  should  be  2  feet  at  a  minimum  (D'Ap 
polonia,  1981).  Construction  quality  control  should  include 
means  of  measurinq  and  verification  of  excavation  depth  and  pen 
etration  of  the  aquiclude.  Observations  should  also  demonstrat 
that  the  trench  bottom  is  tree  of  boulders  or  trench  wall  mate 
rial  that  may  have  collapsed  durinq  construction.  Use  of  drill 
inq  techniques  as  a  positive  means  of  verification  is  common 
Geophysical  techniques  may  also  be  utilized  as  confirmatory  ap 
proaches . 
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6.3.5  Environmental  pertormance  verification.  Tne  previous 
subsection  discussed  key  elements  of  technical  considerations 
and  quality  control  that  are  necessary  for  effective  design  and 
placement  of  slurry  walls  as  a  means  of  in-place  closure  of  in¬ 
active  lagoons  or  other  land  disposal  sites.  It  should  be  em¬ 
phasized  that  environmental  performance  could  be  achieved  only 
if  proper  technical  factors  and  quality  control  are  implemented 
in  every  step  of  design  and  construction  including  waste  char¬ 
acterization,  site  characterization,  materials  testing,  slurry 
testing,  trench  measurements,  backfill  material  testing,  and 
verification  of  slurry  wall  connection  with  the  designated 
aquic lude . 

The  main  concern  in  application  of  slurry  walls  as  a  pollu¬ 
tion  abatement  technique  is  the  long-term  stability  and  longev¬ 
ity  including  chemical  attack  on  bentonite  and  the  consequent 
loss  of  resistance  to  flow  and  ground  instability.  Table  27 
lists  potentials  related  to  slurry  wall  effectiveness  and  possi¬ 
ble  associated  monitoring  methods  (Dunicliff,  1980).  The  fol¬ 
lowing  subsections  briefly  outline  such  monitoring  and  perform¬ 
ance  verification  methods. 

6. 3. 5.1  Basal  stability.  Basal  stability  could  be  measured 
by  an  inclinometer,  wnich  is  an  instrument  that  measures  the 
subsurface  horizontal  movement  either  of  the  slurry  wall  itself 
or  the  ground  behind  the  wall.  The  inclinometer  system  consists 
of  a  pipe  installed  in  a  bore  hole  with  internal  guide  groves.  A 
torpedo  containing  an  electrical  tilt  sensor  is  lowered  into  the 
pipe  and  is  connected  by  an  electrical  cable  to  a  device  cali¬ 
brated  to  read  the  tilt  of  the  torpedo  relative  to  the  vertical. 
The  changes  in  alignment  of  the  pipe  provide  the  data  necessary 
to  calculate  horizontal  movement  of  the  wall  or  the  ground 
(Dunnicliff,  1980) . 

6. 3. 5. 2  Ground  movement.  In  addition  to  the  inclinometer 
system,  horizontal  ground  movement  can  be  measured  by  means  of 
optical  surveys  using  a  steel  tape  or  scale  at  right  angles 
across  a  line  of  sight  between  a  fixed  transit  position  and  a 
permanent  foresight.  The  accuracy  of  this  method  is  normally 
+0.01  foot.  Multipoint  extensometers  installed  horizontally  or 
slightly  inclined  downward  through  bore  holes  in  the  slurry 
wall,  could  be  used  to  measure  the  relative  movement  between  the 
end  of  each  rod  and  the  head  that  relates  to  the  horizontal 
movement  (Dunnicliff,  1980). 
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6. 3. 5. 3  Subsurtace  settlement.  Settlement  can  be  measured 
by  sinqle  point  or  multipoint  qauqes.  The  former  consists  of  a 
steel  anchor  that  is  mechanically  set  at  the  bottom  of  a  bore 
hole.  The  anchor  is  connected  to  a  riser  that  is  optically  sur¬ 
veyed  on  the  top  of  the  pipe  to  determine  the  deqree  of  settle¬ 
ment.  A  multipoint  qauqe  consists  of  a  corruqated  plastic  pipe 
installed  in  a  vertical  bore  hole  with  stainless  steel  wire 
rinqs  installed  around  the  pipe  at  reqular  intervals.  Groutinq 
material  is  placed  in  the  space  between  the  pipe  and  the  bor'e- 
hole  wall.  A  probe  attached  to  the  end  of  an  electrical  cable 
and  survey  tape  is  used  to  measure  the  distance  between  the 
steel  wire  rinqs.  This  information  is  then  used  to  compute  val¬ 
ues  of  vertical  settlement  (Dunnicliff,  1^80). 

b . 3.5. 4  Groundwater  levels.  Groundwater  Levels  can  be 
used  to  determine  the  relative  nydraulic  head  drop  across  the 
wall  and,  thus  its  effectiveness  in  isolatinq  the  site.  Moni¬ 
tor  mq  wells  and/or  piezometers  are  installed  at  both  sides  of 
the  wall  to  collect  qroundwater  elevation  data  which  could  be 
utilized  in  determininq  qroundwater  flow  pattern  throuqh  the 
wall . 


6. 3. 5. 5  Groundwater  quality.  Groundwater  quality  informa¬ 
tion  for  wells  at  both  sides  of  the  slurry  wall  can  also  be 
used  to  establish  the  effectiveness  of  the  wall  in  contaminq 
or  attenuatinq  the  contaminants. 
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6 . 4  Grouting  techniques. 

6.4.1  Process  description.  Grouting  is  a  process  by  which 
a  tluid  of  thixotrophic  material  is  injected  into  earth  material 
to  penetrate  and  gel  or  set  in  place.  This  results  in  a  lower 
permeability  of  the  grouted  area  as  compared  to  the  adjoining 
earth  material.  These  techniques  have  been  used  for  many  years 
in  the  geotechnical  field  to  aid  in  dam  and  tunnel  construction. 

Generally,  grouting  material  can  be  classified  in  the  fol¬ 
lowing  manner  : 

(a)  Suspension  grouts  which  contain  fine  colloidal  materi¬ 

als  such  as  bentonite,  Portland  cement,  or  a  mixture 
of  both  in  a  suspension  of  water. 

(b)  Chemical  grouts  that  consist  of  Newtonian  fluids  such 

as  silicate -base  material,  organic  polymers,  bitu¬ 
mens,  etc. 

Suspension  grouts  have  been  used  predominantly  in  U.S.  ap¬ 
plications,  while  chemical  grouting  has  been  the  dominant  appli¬ 
cation  in  Europe  (U.S.  EPA,  1982).  Suspension  grouts  are  gener¬ 
ally  more  viscous  with  larger  particle  size  and  are  best  used  in 
grouting  rock  or  coarse  material.  Chemical  grouts  initially  have 
lower  viscosities  and  may  be  used  for  finer  grained,  cohesion¬ 
less  soils. 

Pressure  injection  of  grout  material  is  as  much  an  art  as  a 
science;  it  involves  drilling  holes  or  driving  vibrating  beams 
into  the  earth  material  to  be  sealed,  and  injection  of  grout 
using  specialized  equipment.  An  example  of  a  grout  curtain  is 
shown  on  Figure  40  (U.S.  EPA,  1978). 

Application  of  injection  grouting  as  a  means  of  isolation  of 
lagoon  contents  or  contaminants  in  groundwater  is  very  limited 
due  to  the  following  reasons: 

(a)  injection  grout  curtain  construction  is  usually  three 

times  as  costly  as  conventional  slurry  wall  isolation 
techniques  (U.S.  EPA,  1982). 

(b)  Potential  limitations  of  bentonite  slurry  walls  (e.g., 

chemical  compatibility,  connections  etc.)  will  limit 
the  application  of  grout  curtains  as  a  means  of  in- 
place  lagoon  closure  as  well.  Clay  or  bentonite 
grouts  will  exhibit  the  same  potential  compatibility 
problems  as  discussed  for  slurry  walls. 
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(c)  It  is  extremely  difficult  to  ensure  continuity,  integ¬ 
rity,  and  to  verify  performance  of  qrout  media  after 
injection  in  the  qround.  Injection  grouting  may  be, 
however,  of  benefit  in  sealing  localized  void  areas 
of  porous  fractured  rock  where  other  methods  of 
qroundwater  control  are  not  applicable  (U.S.  EPA, 
1982)  . 

Groutinq  techniques  as  a  means  of  waste  isolation  could  be 
in  the  form  of  the  following: 

(a)  An  upqradient  curtain  to  divert  qroundwater  flow  away 

from  waste  as  shown  in  Figure  41. 

(b)  Complete  encirclement  of  the  lagoon  area  or  contaminat¬ 

ed  area  for  qroundwater  diversions,  or  total  contain¬ 
ment  of  the  waste  or  leachate  plume. 

(c)  Downgradient  containment  from  the  disposal  area  to  in¬ 

tercept  contaminated  groundwater  and  allow  recovery 
of  contaminants. 

It  should  be  noted,  however,  that  downgradient  containment 
may  face  qreater  chemical  compatibility  problems  with  leachate 
and  contaminated  qroundwater  (U.S.  EPA,  1982).  Moreover,  down- 
qradient  containment  grouting  would  work  only  if  a  set  of  wells 
is  inserted  between  the  barriers  and  the  lagoon  to  recover  con¬ 
taminants  from  groundwater. 

6.4.2  Process  design  methodology.  The  desiqn  of  qrouting 
systems  must  consider  these  basic  components: 

(a)  Groutinq  materials  and  how  they  can  be  applied. 

(b)  Construction  techniques. 

6. 4. 2.1  Groutinq  materials.  A  wide  range  of  qrouting  mate¬ 
rials  is  commercially  available  for  various  geotechnical  appli¬ 
cations.  The  following  paragraphs  contain  descriptions  of  some 
of  the  common  materials  used. 

Clay  grouts  --  Clay  qrouts  are  mostly  sodium  (montmor illo- 
nite)  material  that  is  capable  of  swelling  up  to  12  times  its 
original  volume  when  wet.  Sodium  montmorillonite  is  more  common¬ 
ly  known  as  Wyoming  bentonite.  Because  of  its  higher  viscosity, 
swellinq  properties,  and  lower  cost  as  compared  to  other  grout¬ 
inq  material,  bentonite  has  been  used  to  fill  voids  in  coarse 
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sands  and  gravel.  Tne  performance  of  clay  grout  material  is  af¬ 
fected  by  various  factors,  including  the  following: 

(a)  The  texture  of  the  soil  being  grouted.  Because  of  its 

slow  set  time  and  low  strength,  grout  material  can 
be  washed  out  from  highly  permeable  soil  (in  excess 
of  10"^-  centimeters/ second)  or  coarse -textured 
soil  material  such  as  open  gravel.  Tnis  washout  can 
occur  right  after  injection  if  it  is  subject  to  water 
gradients  in  excess  of  three  units  (Greenwood  and 
Ruffle,  1963)  . 

(b)  Strong  organic  and  inorganic  acids  and  bases  can  dis¬ 

solve  or  greatly  alter  clay  material  and  drastically 
increase  permeability  (D 'Appolonia ,  1980). 

(c)  Many  inorganic  compounds  and  salts  could  produce 

shrinkage  of  clay  particles  and  thus  increase  permea¬ 
bility  (D' Appolonia ,  1980). 

(d)  Some  organic  compounds  could  oe  adsorbed  onto  clay  sur¬ 

faces,  and  may,  therefore,  affect  the  water  layer 
spacing  and  permeability  of  grouted  material  (Ander¬ 
son,  Brown  and  Green,  198  2). 

A  more  detailed  discussion  of  chemical  compatibility  of  ben¬ 
tonite  clay  with  various  waste  materials  has  been  presented  in 
subsection  6.3. 

Cement  grouts  --  Cement  grouts  utilize  hydraulic  cements 
that  set,  harden,  and  maintain  integrity  under  water.  Several 
types  of  cement  have  been  used  for  grouting.  These  include  the 
following: 

(a)  Type  1  (ordinary  portiand  cement). 

(b)  lype  2  (modified  portiand  cement,  moderate  sulfate  re- 

sistence) . 

(c)  Type  5  (low  alumina  sulfate  resistance  cement). 

Various  fillers  such  as  clay,  sand,  and  pozzolanic  material 
(such  as  fly  ash)  may  be  used  to  enhance  characteristics  and 
grout  resistance  to  chemicals  (Bowen,  1981). 

Cement  grouting  has  been  used  effectively  in  various  field 
applications.  However,  its  effectiveness  for  in-place  lagoon 
closure  may  be  limited  because  of  the  vulnerability  of  cements 
to  chemical  attack  from  various  chemical  constituents,  including 
strong  acids,  strong  bases,  sulfates,  and  organic  acids  as  shown 
in  Table  28. 
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TABLE  28.  MATERIALS  INCOMPATIBLE  WITH  CEMENT  GROUT 


Type  of  cement 


Compound 


Cement  mortar 
(Portland,  Portland/ 
slaq ) 


Sulfates  (Na,  K,  Ca,  Mq) 

Dilute  H2S04  (pH  4-7) 

Other  dilute  acids/acid  salts  (pH  4-7) 


Cement  mortar  KOH,  NaOH 

(calcium  alummate)  Other  dilute  acids/acid  salts  (pH  4-7)* 

Hypochlorite  (Na,  Ca)a 


Soil  cements  Orqanic  soils  (>-1-2  percent  orqanic  material) 

Sulfates 
Excess  salt 
HNO3 

Hiqhly  ionic  materials 
Strong  acids 
Strong  bases 


Concrete  Animal  oils 

Polyhydroxy  organic  compounds 

Salt  solutions 

Mild  acids 

Oxidizing  acids 

Sulfates  (Mg,  Na ,  ammonium) 

Organic  acids 

Halides 

Orqanic  solvents  and  oil 
Orqanic  materials 
Metal  salts  (Mn,  Cu,  Pb,  Sb,  Zn) 
Mineral  acids 


High  alumina  cement  Strong  alkali 


Questionable 

Source:  ASTM ,  1982;  Ingles  and  Metcalf,  11*73;  Matrecon,  Inc., 
1980;  Haxo,  1980  Fung,  1980;  Tomlinson,  1980;  Malone, 
Jones,  and  Larson,  1980;  Thompson,  Malone,  and  Jones, 
1980;  AC I  Committee  515,  1979. 
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Cement/ bentonite  grout  --  Cement/ oentonite  qcout  has  bettec 
strengtn  than  clay  grout  alone  and,  thus,  could  resist  washout 
under  greater  hydraulic  gradients.  The  mixture,  however,  has 
higher  permeability  than  clay  only  grouts.  The  compatibility  of 
cement  bentonite  grout  is  the  resulting  resistance  and  compati¬ 
bility  of  the  cement  and  the  bentonite  together. 

Bitumen  grouts  --  Bitumen  grouts  consist  of  asphaltic  emul¬ 
sions  of  bitumen,  water,  soap,  kacine,  and  other  fillers  such  as 
clay.  After  injection  of  the  bitumen  grout  mixture  in  the 
ground,  the  emulsion  starts  breaking  up  on  contact  with  soil 
(due  to  adsorption  of  emulsifers  or  addition  of  destabilizing 
agents).  The  more  viscous  compounds  (e.g.,  bitumen)  will  fill 
the  voids  or  fissures  of  the  soil  and  result  in  qrouting.  Bitu¬ 
men  alone  is  a  highly  viscous  material.  However,  after  it  is 
emulsified  with  water  a  low  viscosity  emulsion  is  produced. 

Oxidation  and  aqueous  leaching  of  oxidation  products  are  the 
main  causes  of  bitumen  degradation.  Bitumen  is  not  compatible 
with  mineral  acids,  most  polar  and  nonpolar  solvents,  and  chlor¬ 
inated,  aliphatic,  and  aromatic  hydrocarbons.  Wastes  that  are 
highly  ionic,  have  a  high  salt  content,  and  strong  acids  and 
strong  oases  are  also  not  compatible  with  asphaltic  mixtures 
(Haxo ,  1*« 0) . 

Bitumen  grouts  are  generally  not  suitable  tor  use  in  coarse 
material  or  sealing  large  fractures;  it  is  more  suitable  for 
fine  sands  and  finer  soils.  Bitumen  is  known  to  have  long-term 
stability  under  normal  environmental  conditions  (Tall  and  Canon, 
1*77)  . 


Silicate  grouts  --  Silicate  grout  consists  of  alkali  sili¬ 
cates,  water,  and  gelling  or  setting  agents.  The  grout  may  also 
include  accelerators.  Alkali  silicates  are  the  most  widely  used 
class  of  grouts  in  the  chemical  grout  category.  Sodium  silicate 
is  typically  used  in  the  grout.  Silicate  grout  is  durable  and 
maintains  waterproofing  characteristics  for  a  long  period  of 
time  (Talland  and  Caron,  1*77).  Long-term  strength  and  impermea¬ 
bility,  however,  may  deteriorate  with  time  due  to  water  expul¬ 
sion,  shrinkage,  dessication,  and  solution  erosion  by  ground- 
water  (Hurley  and  Thornburn,  1*71). 

Sodium  silicate  grouts  are  more  applicable  to  less  permeable 
soils  (-<10~2  centimeter  s/ second )  and  not  generally  suitable 
for  sealing  large  fractures  or  more  permeable  soils. 
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Organic  polymer  grouts  --  Organic  polymer  grouts  consist  of 
organic  chemicals  (monomers)  that  polymerize  and  cross  link  to 
form  msoluDle  gels  such  as  acrylanide,  phenolics,  urethane, 
urea  formaldehyde,  epoxy,  and  polyester  material.  These  grouts 
may  be  used  alone  or  with  other  grouts  such  as  silicates,  bitu¬ 
mens,  clay,  or  cement  (Talland  and  Caron,  Iy77) .  Many  of  the  ma¬ 
terials,  nowever ,  are  not  suitable  candidates  at  this  time  for 
in-place  lagoon  closure  Decause  of  costs,  toxicity  of  the  grout 
material,  need  tor  specialized  handling  equipment,  and  mcompat- 
loility  witn  waste -containing  acids,  Dases,  salts,,  and  organic 
mater lals . 

6.4. 2. 2  Application  of  groutinq  methods.  In  addition  to 
the  various  grouting  materials  discussed  m  the  previous  sec¬ 
tion,  several  construction  techniques  are  available  for  the  ap¬ 
plication  of  grout.  These  techniques  must  be  considered  when 
developing  the  design  of  a  grouting  system  for  lagoon  closure. 

Curtain  grouting  --  Curtain  grouting  is  used  to  form  an  im- 
permeaole  vertical  wall  below  the  ground  surface.  This  type  of 
grouting  will  achieve  similar  results  as  that  discussed  for  the 
slurry  walls.  Curtain  groutinq  involves  the  placement  of  an  im¬ 
permeable  barrier  Dy  means  of  injecting  grout  alonq  a  vertical 
profile.  Two  methods  may  be  employed  for  curtain  grouting: 

(a)  Injection  qrouting  usinq  bore  holes. 

(b)  Vibratinq  beam  injection. 

Injection  grouting  using  bore  holes  utilizes  a  layout  of 
bore  holes  which  are  constructed  through  the  soil  column  ter¬ 
minating  in  an  aquiclude  member.  During  or  after  the  construc¬ 
tion  of  the  ooreholes,  grout  is  injected  into  the  boring  and 
allowed  to  permeate  into  the  soil.  Grout  is  injected  at  prede¬ 
termined  elevations  in  the  bore  hole  so  that  the  entire  length 
of  the  soil  column  for  each  bore  hole  is  grouted.  Typically,  a 
two-row  qr id  pattern  of  bore  holes  is  used  in  constructing  the 
qrout  curtain  as  shown  on  Fiqure  42.  This  type  of  layout  is  de¬ 
signed  to  provide  not  only  thickness  but  overlap  of  grout  be¬ 
tween  bore  holes  so  that  a  continuous  seal  is  provided. 


(5  ft) 


Source:  EPA,  1978 


Figure  42.  Two-row  grid  pattern  for  grout  curtain  injection  boring. 


An  alternative  to  this  type  of  injection  grouting 
use  of  a  vibrating  beam  for  subsurface  placement  of  the 
along  the  soil  column.  This  technique  also  results  in 
permeability  subsurface  wall  that  must  tie  into  an  aqi 
member  and  its  base.  The  vibrating  beam  utilizes  a  lar? 
beam  that  is  driven  into  the  soil  to  the  specified  depth 
elude  layer)  using  a  vibrating  hammer.  The  eye-beam  i 
slowly  withdrawn  and  grout  is  pumped  through  a  set  of  r 
mounted  on  the  leading  edqe  of  the  eye-beam.  As  the  b 
withdrawn,  the  grout  fills  the  cavity  that  is  formed,  wh 
beam  is  completely  withdrawn,  the  cavity  filled  with  gr 
moved  along  the  direction  of  the  wall  and  process  ref 
Sufficient  overlap  must  be  provided  between  each  segment 
wall.  Figure  43  depicts  the  vibrating  beam  method  for 
injection  and  also  shows  a  typical  4-  to  6-inch  overlap  t 
beam -grouted  sections. 

Jet  grouting  --  Jet  grouting  is  a  technique  that  uses 
pressure  nozzle  for  placing  grout  in  an  opening  or  cavity 
soil  or  soft  rock.  Using  this  approach,  a  cavity  is  formed 
the  jet  nozzle  and  the  cavity  in  turn  filled  with  grout 
the  cavity  nas  been  formed  using  either  water  or  grout 
cutting  fluid,  which  is  injected  by  means  of  the  nozzl< 
qrout  permeates  the  voids  in  the  soil  forming  a  low  p 
bility  zone.  By  properly  spacing  the  bore  holes  to  be  us 
jet  grouting,  it  is  conceivable  that  a  pattern  could  be  de 
whereby  the  jet  grouted  areas  would  overlap  thereby  tori 
wall  or  continuous  impermeable  layer.  An  alternate  ap 
would  be  to  use  the  jet  grouting  technique  for  sealing  loc 
voids  or  permeable  zones. 

Area  blanket  grouting  --  Area  blanket  grouting  is  a 
nique  that  can  be  applied  to  form  a  grout  blanket  in  s 
soil  layers.  This  grouting  approach  is  based  on  low  pr 
injection  of  grout  in  permeable  soils  using  shallow  inj 
holes.  The  location  and  the  spacing  of  the  holes  is  laid  ■ 
that  there  is  sufficient  overlap  of  grout  from  each  of  tl 
jection  points  so  that  a  continuous  blanket  can  be  forme< 
primary  application  of  this  type  of  grouting  may  be  to  i 
low  permeaoility  soil  material  for  cover  over  a  closed 
area . 
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Source.  Soletanche  (unpublished)  P)an  vjew  of  grouting 

overlap  using  the 
vibrating  beam  technique. 


Figure  43.  Vibrating  beam  techniques. 
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6.4.2. 3  Bottom  sealinq  methods.  Groutinq  may  offer  an  op¬ 
portunity  for  bottom  sealinq  of  an  existinq  laqoon.  This  type 
ot  application  has  received  recent  interest  as  a  possible  ap¬ 
proach  for  constructinq  a  "liner"  under  an  existinq  laqoon 
witnout  requirmq  excavation  of  the  waste  lininq  and  tnen  re¬ 
burial  of  the  waste.  In  essence,  this  could  be  viewed  as  an  in- 
s ltu  method  for  liner  construction. 

The  bottom  sealinq  approach  utilizes  a  concept  of  injection 
qroutinq  and  jet  qroutinq  discussed  in  the  previous  sections. 
Two  approaches  may  be  considered  for  qrout  injection,  as  fol¬ 
lows: 

(a)  Directionally-controlled  horizontal  drillmq  under  the 

laqoon  followed  by  qrout  injection. 

(b )  Vertical  drillinq  throuqh  the  waste  and  qrout  injection 

under  the  oottom  of  the  laqoon. 

Successive  Dorinqs  and  qroutinq  would  be  required  in  order 
to  achieve  a  somewhat  continuous  layer.  The  spacinq  of  the  bor- 
inqs  would  be  a  critical  desiqn  element  so  that  sufficient 
overlap  ot  the  qrouted  sections  would  occur  and  a  continuous 
linpermeaoie  layer  formed. 

Directional  drillinq  has  been  used  primarily  in  the  oil 
drillinq  industry.  Tnree  basic  approaches  exist,  as  follows: 

(a)  Directional  drillinq  --  The  drill  penetrates  the  earth 

surface  at  an  anqle  of  90°  and  then  is  intention¬ 
ally  deviated  from  the  vertical  by  directional  con¬ 

trol  of  the  drillhead. 

(b)  Horizontal  drillinq  --  A  drill  penetrates  the  earth 

surface  at  an  anqle  less  than  90°,  but  does  not 

utilize  any  method  for  directional  control  of  the 
drillhead. 

(c)  Directionally-controlled  horizontal  drillinq  --  The 

drill  penetrates  the  earth  surface  at  an  anqle  of 
less  than  90°  and  directional  control  of  the  drill 
bit  is  also  used  to  establish  the  drillinq  path. 

The  horizontal  drillinq  approach  may  not  be  a  viable  method 
for  bottom  sealinq  because  it  cannot  provide  the  level  of  accur¬ 
acy  in  borinq  spacinq  and  vertical  control  necessary  to  ensure 

that  a  continuous  qrout  layer  is  constructed  (Kitchens,  1980). 
The  directional  drillinq  technique  may  have  only  limited  appli¬ 
cation  for  laqoon  bottom  sealinq  because  of  the  relatively  small 


218 


rate  of  bend  or  curvature  that  can  be  achieved  usinq  this  meth¬ 
od.  This  would  be  particularly  restrictive  for  application  in 
shallow  laqoons.  The  more  promisinq  of  the  three  methods  is  the 
directionally  controlled  horizontal  drillinq  approach.  Fiqure 
44  shows  a  schematic  of  the  type  of  drill  r iq  that  may  be  used 
snowinq  a  25°  anqle  with  the  qround  surface.  Usinq  this  type 
of  nq  witn  a  directionally  controlled  drill  bit,  it  may  be  the¬ 
oretically  possible  to  bottom  seal  laqoons.  Several  problem 
areas  must  oe  identified,  as  follows: 

(a)  Groutinq  usinq  suspension  qrouts  would  not  oe  viable  if 
the  soils  under  tne  laqoon  showed  moderate  to  low 
permeability,  i.e.,  less  than  10“2  centimeters/ 
second. 

(o)  Costs  will  be  relatively  hiqh  considennq  the  special¬ 
ized  equipment  and  sophisticated  controls. 

(c)  There  is  no  method  for  ensurinq  or  verifyinq  that  a 

continuous  qrout  seal  would  be  formed  under  the  la¬ 
qoon  . 

(d )  Tnere  is  a  potential  for  fracturinq  or  accidentally 

drillinq  throuqh  the  bottom  of  the  laqoon  that  may 
result  in  a  release  of  contaminants  from  the  laqoon. 

Bottom  sealinq  is  still  in  the  experimental/developmental 
staqes.  It  appears  to  be  theoretically  possible,  however,  it 
will  require  further  development  and  methods  for  addressinq  the 
potential  problems  that  have  been  pointed  out. 

An  alternative  to  d lrectionally -controlled  horizontal  drill¬ 
inq  is  bottom  sealinq  oy  means  of  vertically  drillinq  throuqh 
the  laqoon  area  and  injectinq  qroutinq  under  the  laqoon.  This 
technique  would  utilize  the  jet-qroutinq  technoloqy.  The  initial 
steps  m  bottom  sealinq  usinq  the  vertical  injection  qroutinq  is 
to  lay  out  a  pattern  for  construction  of  bore  holes.  The  spacinq 
of  the  bore  holes  would  be  such  that  the  qrout  injected  at  the 
bottom  of  each  bore  hole  would  overlap,  forminq  a  continuous  un¬ 
iform  layer  of  low  permeability  qrout  under  the  laqoon.  A  jet- 
qroutinq  device  would  be  used  in  each  bore  hole  and  a  cavity 
created  under  the  bottom  of  the  laqoon  and  qrout  injected  into 
the  cavity.  Successive  bore  holes  in  accordance  with  the  prede¬ 
termined  qr  id  pattern  would  be  constructed  and  qrout  injected 
until  a  continuous  layer  is  formed.  Fiqure  45  shows  a  schematic 
of  how  this  qroutinq  may  be  performed  (Kitchens,  1980). 
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Several  potential  problems  associated  with  the  vertically 
placed  seal  are  as  follows: 

(a)  The  drilling  r iq  may  have  to  be  supported  over  the 

site,  which  would  be  a  problem  if  the  laqoon  contents 
have  no  bearing  capacity. 

(b)  The  drilling  would  occur  throuqh  the  waste,  which  may 

cause  contamination  of  lower  soil  layers  as  the  bor¬ 
ing  proceeds  throuqh  the  waste  under  the  laqoon. 

(c)  Borinq  throuqh  reactive  or  explosive  waste  may  not  be 

viaole. 

(d)  It  is  not  possible  to  verify  that  a  continuous  uniform 

seal  would  result  from  the  multiple  borinqs  and  grout 
injections . 

6.4. 2. 4  Block  displacement  method.  Block  displacement  rep¬ 
resents  a  new  technique  being  developed  for  the  in-situ  closure 
of  waste  disposal  sites.  This  approach  utilizes  qrouting  tech¬ 
nologies  to  emplace  a  liner  around  the  sides  and  bottom  of  the 
disposal  area.  This  technology  cannot  oe  considered  proven  from 
a  historical  application  standpoint,  and  is  undergoing  field 
development  by  means  of  an  EPA  demonstration  proqram. 

The  block  displacement  method  is  a  patented  technique  using 
qroutinq  technology.  A  grout  barrier  is  formed  along  the  sides 
and  bottom  of  the  disposal  area  using  a  series  of  notched  in¬ 
jection  borings.  Throuqh  the  use  of  multiple  injection  points  a 
continuous  layer  of  grout  can  be  constructed.  Figure  46  shows  a 
block  displacement  barrier  in  place  totally  encapsulating  the 
sides  and  bottom  of  a  particular  site  (Brunsinq  and  Grube) . 

This  technique  is  particularly  applicable  to  those  site 
conditions  where  an  impermeable  confining  layer  aquiclude  is 
not  sufficiently  near  the  qround  surface  for  a  perimeter  bar¬ 
rier  such  as  slurry  wall  to  provide  site  containment.  In  fact, 
tne  block  displacement  method  can  be  used  to  construct  a  liner 
under  a  site  where  one  does  not  currently  exist. 

The  perimeter  grouted  section  is  first  constructed  using  one 
of  several  techniques  such  as  a  slurry  wall,  viorating  beam,  or 
drill  notcn  and  blast  techniques.  This  perimeter  section  of  a 
slurry  wall  can  then  be  surcharged  to  ensure  a  positive  hori¬ 
zontal  stress  in  the  formation.  This  is  shown  on  Figure  47 
(Brunsinq  and  Grube). 
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Construction  of  tne  bottom  barrier  then  can  be  initiated  and 
will  progress  in  the  followinq  four  phases: 

(a)  Construction  of  injection  borinqs  throuqh  the  waste 

site  and  formation  of  injection  holes  under  the  site 
usinq  a  slurry  jet  notchinq  tool. 

(b)  Injection  of  grout  into  the  notched  holes  formed  by  the 

slurry  jet. 

(c)  Further  addition  of  slurry  at  each  injection  point  to 

create  a  single  larqer  bottom  separation  so  that  the 
infection  holes  coalesce  into  a  large  tenuous  separa¬ 
tion  under  the  site. 

(d)  Continuous  pumping  of  slurry  to  produce  a  complete  lay¬ 

er  of  qrout  under  the  site  by  controlled  further  dis¬ 
placement  of  the  earth  mass  using  low  pressure  slurry 
injection  into  the  horizontal  separation. 

Each  of  these  four  phases  is  conducted  throuqh  controlled 
monitorinq  of  tne  slurry  pressure,  the  flow  rate  of  the  slurry, 
the  slurry  composition  and  viscosity,  and  the  total  volume  of 
slurry  injected.  Through  this  controlled  clock  displacement  the 
thickness  of  the  qrout  layer  under  the  site  can  vary  from  a  few 
centimeters  to  more  than  a  meter.  The  thickness  can  be  increased 
by  additional  pumping  of  slurry  down  the  injection  points.  The 
continuity  of  the  bottom  layer  of  slurry  can  be  verified  and 
checked  by  monitoring  pressure  communication  between  injection 
points,  and  by  topographic  survey  of  the  surface  of  the  site 
during  the  displacement  operation. 

Fiqure  48  illustrates  the  final  block  displacement  config¬ 
uration  showing  the  bottom  and  perimeter  slurry  walls.  In  es¬ 
sence,  the  terminology  block  refers  to  the  entire  waste  disposal 
site,  which  is  floated  on  a  bed  of  grout. 

While  the  block  displacement  technique  has  shown  some 
promise  as  a  result  of  EPA's  sponsored  field  demonstration,  ad¬ 
ditional  work  will  be  needed  to  verity  the  applicability  and 
cost  associated  with  this  technology.  Additional  field  demon¬ 
stration  and  verification  work  is  needed  prior  to  classifying 
this  approach  as  a  proven  technology. 

6.4.3  Application  potential.  A  wide  range  of  qroutinq 
techniques  and  materials  have  been  utilized  in  various  qeotech- 
mcal  applications,  these  include  suspension  grout  methods  usinq 
clays,  cement,  and  cement  clay  mixtures.  These  represent  the 
most  widely  used  grouting  materials  in  geotechnical  applica¬ 
tions.  Chemical  grouts  are  also  available,  however,  these  have 
fewer  applications. 
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Injection  borings 


Source;  Brunsing  and  Grube 


Figure  48.  Final  block  displacement 


Application  of  qroutinq  to  laqoon  closure  is,  and  may  con¬ 
tinue  to  be,  very  limited  due  to  availability  of  other  more 
cost-effective  means  of  waste  isolation.  Similar  to  slurry 
walls,  qroutinq  would  rarely,  if  ever,  be  used  as  the  sole 
means  of  laqoon  closure. 

Very  little  information  is  available  on  chemical  compati- 
oility  of  qroutinq  materials  with  various  contaminants  from  ex- 
istinq  laqoons  at  Army  installa tions .  Procedures  tor  testinq 
qrout  compatibility  and  performance  assessment  have  not  been  de¬ 
veloped. 

No  data  are  available  on  the  lonq-term  stability  and  effec¬ 
tiveness  of  qroutinq  for  waste  isolation  and  contaminant  migra- 
tion  control.  Determination  of  tne  effectiveness  of  qroutinq  as 
a  means  of  contaminant  isolation  is  difficult,  it  not  impossi¬ 
ble  . 

Betore  considermq  qroutinq  as  a  means  of  waste  isolation  or 
in-place  closure  of  a  laqoon,  tne  followinq  research  should  be 
initiated: 

(a)  Develop  protocols  for  testinq  qroutinq  materials,  the 

compatibility  of  qrout  with  contaminants  and  qround- 
water ,  lonq-term  performance,  etc. 

(b)  Tests  must  be  conducted  on  cnemical  compatibility  of 

qrout  materials  with  the  various  cateqories  of  con¬ 
taminants  found  in  military  installations  (easily  ex¬ 
plosive  compounds,  solvents,  etc.). 

(c)  A  need  exists  for  investiqation  of  the  lonq-term  stabi¬ 

lity  and  effectiveness  of  qrout  material  after  place¬ 
ment  in  the  qround. 


b . 5  Sheet  pilinq. 


b.5.1  Process  description.  In  addition  to  the  qroundwater 
diversion  techniques  discussed  in  the  previous  subsections  re- 
latinq  to  qroutinq  and  slurry  trenchinq,  sheet  pilinq  technolo- 
qy  may  be  considered  a  method  for  groundwater  diversion.  Sheet 
piling  construction  involves  physically  driving  rigid  sheets 
into  the  ground  to  form  a  barrier  to  qroundwater  movement.  Typ¬ 
ically  these  sheets  are  composed  of  steel  or  concrete  that  can 
be  interlocked  or  sealed  to  form  a  continuous  impermeable  bar¬ 
rier.  Steel  sheet  pilinq  is  more  commonly  used  than  concrete 
tor  qroundwater  cutoff  due  to  a  generally  lower  cost  and  capa¬ 
bility  tor  interlocking  between  pilings. 
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As  a  result,  steel  sheet  piling  will  be  discussed  in  this 
subsection . 

A  steel  sheet  pilinq  wall  is  constructed  by  drivinq  the 
sheet  seqments  into  tne  qround  usinq  a  pile  driver.  The  pilmqs 
are  first  assembled  alonq  their  edqes  usinq  interlocks  before 
they  are  driven  into  the  qround.  It  is  necessary  to  preassemble 
the  piling  seqments  alonq  their  interlocking  edqes  to  ensure 
that  a  good  lock  between  sheets  is  obtained.  The  sheet  piles 
are  then  driven  a  few  feet  at  a  time  into  the  qround  alonq  the 
length  of  the  wall.  This  sequence  is  repeated  until  all  the 
piles  are  driven  into  the  qround  to  the  desired  depth.  (EPA, 
ly o  2)  . 


6.5.2  Process  design  methodoloqy.  Tne  design  of  sheet  pil¬ 
ing  walls  must  consider  several  basic  factors  relatinq  to  suit¬ 
able  subsurface  conditions.  These  are  as  follows: 

(a)  The  presence  of  a  continuous  aguiclude  underlying  the 
site  to  provide  a  Dottom  barrier  and  tor  connection 
of  the  bottom  of  the  sheet  pilinq. 

(o )  Compatible  qroundwater  quality  that  will  not  result  in 
rapid  degradation  (corrosion)  of  the  sneet  pilinq  ma¬ 
ter  lal . 

(c)  Suitable  soil  materials  to  allow  the  sheets  to  be  phys¬ 
ically  driven  into  the  qround. 

In  a  manner  similar  to  the  other  qroundwater  diversion  tech¬ 
niques,  sheet  piling  can  be  used  as  a  passive  control  measure  to 
divert  qroundwater  away  from  the  site  or  contain  a  leachate 
plume  under  a  site.  The  sheet  pilinq  may  be  used  in  combination 
with  an  active  qroundwater  manipulation  technology  such  as  pump- 
inq  or  trench  collection.  A  typical  cross  section  of  a  sheet 
piling  containment  is  shown  on  Figure  49. 

Sheet  piles  are  normally  available  in  lengths  ranqinq  from 
4  to  40  feet.  A  special  order  may  be  available  in  longer 
lenqths.  Manufacturers  and  suppliers  of  sheet  pilinq  generally 
otter  their  own  shape  of  pilinq  and  type  of  interlock.  Various 
shapes  are  depicted  on  Figure  50.  The  widths  of  the  sheets  for 
pilinq  generally  range  from  15  to  20  inches  (EPA,  1982) . 

The  design  layout  for  a  sheet  pilinq  system  should  consider 
a  depth  at  which  the  aquiclude  under  the  site  is  located  and  the 
total  lenqth  or  perimeter  tor  the  sheet  piling  wall.  It  the 
aquiclude  is  located  at  a  depth  greater  than  40  to  50  feet, 
sneet  pilinq  may  not  be  economically  feasible.  For  larqe  sites 
requiring  a  significant  lenqth  of  cutoff  wall  the  number  of 
sheet  sections  escalate  alonq  with  the  cost. 
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Figure  49.  Typical  cross-section  ot  sheet  piling  containment. 
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Source;  Ueguhart,  1962,  EPA,  1982 


Figure  50.  Some  steel  sheet  piling  shapes  and  interlocks. 
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sheet  piiinq  wails  will  qeneraily  not  torm  an  impermeable 
cutofl  wall  immediately  after  they  are  driven  into  the  qround. 
Tne  interlocks  between  sheets  are  not  watertight  and  incorpor¬ 
ate  ample  clearance  to  allow  proper  driving  and  placement  into 
tne  qround.  Over  time  finer  particles  of  soil  are  transported 
by  the  movement  of  groundwater  and  these  particles  are  eventu¬ 
ally  entrained  in  the  interlock  seams.  The  entrainment  of  these 
finer  particles  forms  a  seal  along  the  interlocks.  This  sealing 
requires  a  period  of  time  that  is  dependent  on  the  rate  of 
groundwater  migration  and  the  type  of  soil  involved.  Very 
course  sandy  soils  may  not  torm  a  proper  seal,  and  in  these 
cases,  the  piiinq  interlocks  may  require  groutmq  for  proper 
cutoff  of  water  flow. 

This  time  delay  in  effecting  a  complete  cutoff  of  ground¬ 
water  movement  must  be  considered  within  the  overall  schedule 
tor  closure  of  a  site.  If  qroundwater  flow  must  be  diverted 
within  a  relatively  short  time  frame  with  minimal  leakage 
tnrouqh  the  wall,  then  sheet  piling  may  not  be  a  primary  candi¬ 
date. 

The  performance  life  of  steel  sheet  piling  is  generally 
relatively  short  compared  to  other  groundwater  diversion  meas¬ 
ures.  This  performance  life  may  range  between  10  and  50  years, 
depending  on  the  characteristics  and  environment  of  the  subsur¬ 
face  soils,  groundwater,  and  leachate.  Some  level  of  protection 
of  the  steel  sheet  piling  from  corrosion  attack  may  be  achieved 
oy  usinq  qalvanized,  coded,  or  other  special  alloy  sheet. 

As  noted,  tne  use  of  sheet  piling  is  dependent  on  suitable 
soil  conditions  at  the  site.  Soils  containing  large  rocks  or 
boulders  may  not  oe  suitable  tor  driving  the  sneet  piling. 
Urivinq  tne  sheet  piles  through  very  rocky  soils  may  damage  the 
piles,  which  could  render  the  walls  ineffective  and  prevent 
proper  sealing  of  the  seams. 


Sheet  pilinq  technoloqy  is  well  proven  in  the  construction 
industry.  The  technoloqy  for  installinq  sheet  pilinq  is  readily 
availaole  and  contractors  are  familiar  with  installation  tech¬ 
niques.  For  some  applications,  the  use  of  sheet  pilinq  may  be 
relatively  inexpensive  compared  to  otner  qroundwater  diversion 
techniques.  However,  the  use  of  sheet  pilinq  is  dependent  on 
suitable  site  conditions  and  will  require  a  period  of  time  for 
the  seams  between  the  sheets  to  form  a  seal.  The  lonq-term  in- 
teqnty  of  sheet  pilinq,  when  exposed  to  leachate  from  explo¬ 
sive  wastes,  is  not  known.  Compatibility  data  on  other  types  of 
leachates  and  steel  sheet  pilinq  are  also  limited.  The  use  of 
sheet  pilinq  may  be  a  viable  "short-term"  control  measure  until 
the  lonq-term  mteqrity  questions  can  be  resolved. 
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7.  GROUNDWATER  FLOW  MANIPULATION 

7 .1  System  description. 

7.1.1  Overview.  Various  qroundwater  flow  manipulation 
techniques  exist  as  methods  of  environmental  isolation.  In  many 
waste  manaqement  situations,  the  control  of  qroundwater  beneath 
the  site  is  of  crucial  concern  to  an  in-place  closure  strateqy. 
Of  course,  the  site  conditions,  soils,  and  qeoloqy  must  be  suit¬ 
able  for  pumpinq  for  this  option  to  be  considered.  In  qeneral, 
qroundwater  manipulation  or  pumpinq  will  be  more  applicable  to 
those  soils  with  a  hiqh  hydraulic  conductivity  (e.q.,  sandy 
soils)  than  those  with  a  low  conductivity,  such  as  clays  and 
silty  clays. 

Throuqh  qroundwater  flow  manipulation,  the  location  and  path 
of  the  qroundwater  table  can  be  altered  or  contaminated  qround¬ 
water  can  oe  captured.  This  section  describes  the  applications 
of  qroundwater  pumpinq  for  active  flow  manipulation.  These  pump¬ 
inq  approaches  reflect  the  active  diversion  of  qroundwater  as 
opposed  to  "passive"  approaches  such  as  installinq  impermeable 
barriers  or  permeable  interception  trenches  (passive  qroundwater 
controls  are  discussed  in  Section  6).  The  applications  discussed 
herein  include  the  followinq: 

(a)  Pumpinq  to  adjust  the  qroundwater  table. 

(b)  Pumpinq  to  contain  or  capture  a  contaminant  plume. 

Active  qroundwater  control  techniques  rely  on  the  manipula¬ 
tion  of  qroundwater  flow  patterns.  There  are  essentially  two 
ways  to  achieve  this  flow  alteration.  One  method  is  qroundwater 
extraction,  whereby  a  "cone  of  depression"  is  created  in  the 
zone  of  saturation.  Extraction  techniques  can  be  incorporated  to 
hydraulically  alter  qroundwater  flow  patterns  or  to  contain  or 
capture  contaminated  plumes.  The  second  principal  method  for  ac¬ 
tive  qroundwater  flow  manipulation  is  throuqh  injection,  whereby 
a  qroundwater  mound  is  created.  Injection  techniques  can  be  used 
to  provide  reversed  or  lower  hydraulic  qradients  to  isolate  the 
site  or  as  a  part  of  a  qroundwater  extraction/treatment/injec¬ 
tion  proqram. 

Groundwater  extraction  is  normally  accomplished  throuqh  a 
system  of  shallow  or  deep  pumpinq  wells.  The  intent  is  to  lower 
the  static  water  level,  thereby  reducinq  the  hydraulic  qradient 
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and  induce  qroundwater  flow  toward  the  well  point  (s).  In  the 
case  of  qroundwater  moundinq,  the  most  common  technique  incor¬ 
porates  a  system  of  shallow  or  deep  injection  well  points.  Ac¬ 
tive  qroundwater  manipulation  is  operationally  intensive  and 
normally  requires  lonq-term  continuous  operation  to  oe  success¬ 
ful,  unlike  the  qroundwater  diversion  techniques  of  cutoff 
walls,  qrout  curtains,  etc. 

7.1.2  Water  table  adjustment.  The  controlled  adjustment  of 
an  underlyinq  water  taDle  can  be  an  effective  method  of  hydraul¬ 
ically  isolatinq  a  waste  site  and  preventinq  further  contamina¬ 
tion  of  qroundwater.  Continuous  qroundwater  extraction  throuqh 
well  points  creates  a  cone  of  depression  around  the  well  point, 
thereby  lower inq  the  water  table  and  inducinq  qroundwater  flow 
toward  tne  well  point.  Proper  placement  of  extraction  wells  in 
close  proximity  creates  a  depression  network  in  which  the  com¬ 
bined  cones  of  depression  lower  the  effective  elevation  of  the 
qroundwater.  Extraction  pumpinq  to  lower  the  water  table  may  be 
a  suitable  measure,  as  part  of  an  inplace  closure  strateqy, 
under  several  conditions.  Specific  applications  may  include  the 
followinq  ( JRB  Associates,  1982) : 

(a)  Lower inq  the  water  table,  which  may  be  within  the  con¬ 

taminated  area  so  that  it  is  no  lonqer  in  direct  con¬ 
tact  with  the  waste  material  (see  Fiqure  51). 

(b)  Lower inq  the  water  table  to  prevent  leaky  aquifers  from 

contaminatinq  other  water-bear inq  areas  (see  Fiqure 
52)  . 

(c)  Lowerinq  an  unconfined  aquifer  sufficiently  to  prevent 

the  discharqe  of  qroundwater  to  a  hydraulically -con¬ 
nected  receivinq  stream  (see  Fiqure  53)  . 

If  the  extraction  pumpinq  system  intercepts  a  contaminant 
plume,  then  the  qroundwater  beinq  removed  will  likely  be  contam¬ 
inated.  In  these  cases,  treatment  of  the  water  from  the  pumpinq 
wells  will  likely  be  required  prior  to  ultimate  discharqe.  If 
the  quantities  of  qroundwater  beinq  pumped  are  substantial,  this 
treatment  operation  will  be  siqnificant  and  may  result  in  the 
qeneration  of  a  sludqe  that  will  require  disposal. 

7.1.3  Contaminated  plume  containment.  Plume  containment 
throuqh  qroundwater  extraction  can  be  an  effective  means  of  iso¬ 
latinq  a  waste  site  and  capturinq  contaminated  qroundwater  to 
prevent  the  eventual  contamination  of  drmkinq  water  wells, 
surface  water  streams,  or  other  aquifers.  Plume  containment  may 
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Before  extraction 


Source:  J.R.B  Associates,  1982 

Figure  SI .  Groundwater  extraction  to  eliminate 
contact  with  a  disposal  site. 
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Source  J  R  B,  Associates.  1982 
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Figure  53.  Groundwater  extraction  to  prevent 
contaminated  stream  discharge. 
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be  accomplisned  through  extraction  alone,  where  smaller  quanti¬ 
ties  ot  contaminated  qroundwater  are  involved,  or  throuqh  a  com¬ 
bination  ot  extraction  and  recharqe  or  extraction  and  passive 
qroundwater  controls.  Recharqe  may  incorporate  either  injection 
wells  or  surtace  seepaqe  basins.  Passive  controls  used  in  com¬ 
bination  with  active  controls  may  include  slurry  walls  or  qrout 
curtains.  These  passive  control  measures  are  presented  in  Sec¬ 
tion  6,  and  they  will  not  be  reviewed  in  detail  in  this  section. 

Where  larqe  qroundwater  flows  are  involved  or  where  resi¬ 
dents  are  dependent  on  qroundwater  for  drinkinq  supplies,  re¬ 
charqe  or  passive  controls  may  be  a  necessary  component  of  waste 
isolation.  Without  aquifer  recharqe  or  passive  controls,  pumpinq 
larqe  volumes  of  contaminated  qroundwater  may  lead  to  signiti- 
cant  chanqes  in  the  water  table  elevation  and  may  alter  the  di¬ 
rection  of  flow. 

Plume  containment  techniques  may  be  incorporated  as  part  of 
an  in-place  closure  strateqy  under  the  following  applications 
(JRB  Associates,  Iy82)  : 

(a)  Contaminated  qroundwater  extraction  alone  (low  rates  of 

pumpinq)  witn  no  recharge  to  the  aquifer  (see  Figure 

54)  . 

(b)  Use  of  a  series  of  extraction  and  injection  wells  to 

allow  controlled  pumping  from  the  aquifer,  treatment 
of  the  contaminanted  groundwater,  and  recharqe  to  re- 
stabilize  aquifer  flow  characteristics  (see  Fiqure 

55)  . 

(c)  Use  ot  extraction  and  seepaqe  basins  to  allow  pumpinq 

and  treatment  of  the  contaminated  groundwater  fol¬ 
lowed  by  recharqe  to  the  aquifer  using  seepaqe  basins 
(see  Fiqure  56)  . 

(d)  Use  of  extraction  and  passive  controls  to  allow  a  more 

controlled,  selective  pumpinq  of  the  contaminant 
plume  (see  Fiqure  57)  . 

7.1.4  Groundwater  flow  prediction.  Prior  to  desiqninq  any 
qroundwater  extraction  system,  a  thorouqh  understanding  of  the 
aquifer  is  required.  This  knowledqe  will  form  the  basis  for  the 
f ollowinq : 

(a)  Determining  whether  the  extraction  system  will  be  ef¬ 
fective:  locating  cones  of  depression  and  overall 
zone  ot  influence. 

(o)  Determining  the  number  of  well  points  that  will  be  re¬ 
quired. 

(c)  Locating  the  well  points. 
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Figure  54.  Extraction  ol  contaminated  groundwater  plume. 
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Source  J  R  B  Associates.  1982 


Figure  55.  Extraction  and  injection  for  contaminated  plume  containment 
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Source  J.R.B.  Associates,  1982 

Figure  57.  Extraction  with  passive  controls 

for  contaminated  plume  containment 


(Ct) 

(e) 

(f) 


Determininq  the  depth  and  desiqn  of 
includinq  pumping  rates. 

Estimatinq  the  quantity  of  water  to  be 
Estimatinq  contaminant  concentrations 
water  . 


the  well  points, 

extracted . 
in  the  extracted 


When  water  flows  throuqh  an  open  channel  or  a  pipe,  the  dis- 
cnarqe  or  flow  rate  { Q,  measured  as  the  volume  of  water  tlowinq 
in  unit  time)  is  equal  to  the  product  of  its  velocity,  V,  and 
cross-sectional  area  of  flow.  A,  shown  as  follows: 


Q  =  VA  (15) 

Prediction  of  qroundwater  flow  typically  involves  expres¬ 
sions  for  flow  velocities  as  a  rearrangement  of  the  discharqe 
equation: 


V  = 


Q 

A 


(16) 


Groundwater  flow  prediction  is  performed  usinq  the  Darcy 
equation  (or  Darcy's  law)  for  laminar  flow  throuqh  a  porous  med¬ 
ium.  Darcy's  law  assesses  the  discharqe  velocity  as  a  function 
of  the  soil's  ability  to  pass  water  (measured  as  a  hydraulic 
conductivity,  k)  and  the  hydraulic  qradient  of  the  soil  (meas¬ 
ured  as  a  unitless  ratio  of  the  change  in  water  elevation  di¬ 
vided  by  the  chanqe  in  lenqth,  dh/dl).  The  Darcy  equation  trans¬ 
lates  the  pipe  flow  velocity  as  beinq  the  velocity  of  flow 
throuqh  an  equivalent  area  of  pipe  filled  witn  a  permeable  soil, 
shown  as  follows: 


V 


(17) 


The  discharqe  rate  calculated  by  Darcy's  law  is  an  apparent 
velocity,  representing  the  velocity  for  water  movement  throuqh 
an  aquifer,  assuminq  the  aquifer  is  an  open  conduit.  In  the  ac¬ 
tual  sense,  however,  the  cross-sectional  area  of  flow  for  a  por¬ 
ous  medium  is  much  smaller  than  the  aquifer  dimensions.  To  pre¬ 
dict  qroundwater  flow  throuqn  a  porous  medium,  the  effective 
porosity  of  the  aquifer  material,  ne,  must  be  considered  with 
the  cross-sectional  flow  area.  The  effective  porosity  represents 
that  portion  of  the  soil  pore  space  throuqh  which  saturated 
qroundwater  flow  can  occur.  The  true  velocity,  which  is  referred 


to  as  the  seepaqe  velocity,  reflects  the  actual  flow  rate  of  wa¬ 
ter  moving  through  the  pore  spaces  and  is  shown  as  follows  (Fet¬ 
ter  ,  1980)  : 


V 


s 


-kdh 

n  dl 
e 


(18) 


Researchers  have  discovered  that  the  proportionality  con¬ 
stant  in  Darcy's  law  (k) ,  which  is  referred  to  as  the  hydraulic 
conductivity,  is  a  function  not  only  of  the  porous  medium  but 
also  of  the  fluid  characteristics.  Experiments  have  shown  that 
particle  diameters  of  the  flow  medium,  fluid  density,  and  dynam¬ 
ic  viscosity,  as  well  as  hydraulic  gradient,  are  variaoles  in 
calculating  qroundwater  flows  (Huboert,  1940) .  When  these  vari¬ 
ables  are  incorporated  into  Darcy's  law,  the  expression  for  dis¬ 
charge  velocity  is  shown  as  follows  (Freeze  and  Cherry,  1979) : 


Wnere:  k  =  Intrinsic  permeability  of  the  flow  medium, 

p  =  Fluid  density, 
q  =  Force  of  qravity. 
p  =  Fluid  dynamic  viscosity. 

7. 2  System  evaluation  methodology. 


(iy) 


7. 2.1  Background.  To  evaluate  the  design  and  effectiveness 
of  a  qroundwater  flow  manipulation  system,  an  assessment  must  be 
made  of  qroundwater  contamination  potentials  and  the  response  of 
the  aquifer  to  pumpinq.  This  section  presents  the  methodology 
for  evaluating  groundwater  flow  manipulation  throuqh  a  descrip¬ 
tion  of  the  important  considerations  for  these  two  factors. 
Throuqh  such  an  evaluation,  the  extent  of  potential  qroundwater 
contamination  is  estimated,  and  the  potential  application  of  an 
active  pumpinq  strategy  can  be  considered. 


7.2.2  Assessment  of  qroundwater  contamination.  Contamina¬ 
tion  of  subsurface  aquifers  and  groundwater  drinking  supplies 
can  result  from  the  leachmq  of  pollutant  compounds  from  a 
lagoon  area  through  predominantly  physical  and  chemical  phenom¬ 
ena.  To  assess  qroundwater  contamination,  pollutant  transport 
processes  must  oe  understood.  Differential  equations  are  used  to 
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descnoe  the  transport  of  solutes  in  porous  media,  Dy  consider¬ 
ing  the  concentration  flux  movement  into  or  out  of  a  fixed  ele¬ 
mental  volume  of  fluid.  The  conservation  of  mass  theorum  ad¬ 


dresses  this  transport  process 
(Freeze  and  Cnerry,  15*79)  : 


and  can  be  described  as  follows 


(20) 


Net  rate  of 
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reactions 

Advection  and  hydrodynamic  dispersion  are  processes  that 
control  flux  movement  of  contaminants  in  the  qroundwater.  Advec¬ 
tion  is  attributed  to  qroundwater  velocity,  while  dispersion  oc¬ 
curs  as  a  result  of  mechanical  mixing  and  diffusion  on  a  molecu¬ 
lar  scale.  The  advection/disper sion  equation  (shown  as  follows 
in  the  one -dimensional  form)  represents  the  key  differential 
equation  to  describe  transport  processes  in  qroundwater  (Freeze 
and  Cherry,  1979). 
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(21) 


where: 

C 


1 

Vl 


=  Solute  concentration  and  —  is 


Coefficient  of  dispersion  along  the  flow  path 
(in  longitudinal  direction). 

a_C 
at 

differential  of  concentration  with 
time . 

Lenqtn  along  the  flow  line. 

Average  linear  velocity  (equals  velocity  di¬ 
vided  by  porosity). 


the  potential 
respect  to 


To  predict  the  concentration  of  a  dissolved  chemical  consti¬ 
tuent  in  a  saturated  homogeneous  porous  medium  at  any  point  away 
from  the  source  of  contamination,  the  solution  of  the  advection/ 
dispersion  equation  can  be  used  as  follows  (Ogata,  1970): 


C_ 

Co 

Wher  e : 


a  -  v,t\  /v.ix  /i  +  v,t' 

ertc expU rjecfcl27BiF 


(22) 


CQ  =  Initial  solute  concentration, 
ertc  =  Complementary  error  function. 
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Equations  21  and  22  are  useful  tor  the  interpretation  of 
laboratory  column  experiments,  but  have  limited  application  to 
the  nonhomoqeneous  conditions  found  in  aquifer  systems.  Three- 
dimensional  predictive  equations  should  be  used  since  dispersive 
movement  in  the  qroundwater  occurs  in  the  transverse  directions 
as  well  as  the  lonqitudinal  direction.  As  contaminants  are  in¬ 
troduced  into  the  porous  aquifer  at  an  mtial  point,  they  are 
transported  througn  the  flow  system,  exhioitinq  a  three-dimen¬ 
sional  concentration  distribution.  The  concentration  of  the  con¬ 
taminant  mass  at  a  given  time,  t,  is  given  as  follows  (Baetsle, 
lyb9)  : 


C(x,y,z,t)  = 


M 


8(xt}3/2  fD 


exp  - 


D  D 
x  y  z 


4Dxt  4Dyt 


4Dzt 


(23) 


Wner  e : 


M 

Dx 


?y 

D, 


Y 
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=  Mass  of  introduced  contaminant  =  C0V0. 

=  Coefficient  of  dispersion  in  x-direction. 

=  Coefficient  of  dispersion  in  y-direction. 

=  Coefficient  of  dispersion  in  z-direction. 

=  X-direction  distance  from  contaminant  center 
of  qravity. 

=  Y-direction  distance  from  contaminant  center 
of  qravity. 

=  Z-dicection  distance  from  contaminant  center 
of  qravity. 


The  mass  of  the  contaminant  introduced  is  qiven  by  the  pro¬ 
duct  of  tne  initial  concentration,  CQ,  and  the  initial  volume 
of  tne  contaminant  plume,  VQ.  Peak  concentrations  are  typi¬ 
cally  of  concern  in  the  prediction  of  groundwater  contamination. 
The  peak  contaminant  concentration,  referenced  as  Cmax  occurs 
at  the  center  of  gravity  of  the  contaminant  plume  and  can  be 
shown  as  follows  (Baetsle,  1869)  : 


C  V 
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(24) 


wmle  these  equations  take  into  account  dispersive  and  ad- 
vective  transport  in  all  directions,  they  are  based  on  idealized 
conditions,  such  as  an  instantaneous  point  source  of  contamina¬ 
tion  and  uniform  qroundwater  flow.  As  such,  these  equations  have 
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limited  use  in  tne  analysis  of  most  aquifer  situations,  and  may 
be  appropriate  only  to  obtain  preliminary  estimates  of  contami¬ 
nant  miqration  patterns.  Site-specific  conditions  may  introduce 
errors  into  calculations  of  qroundwater  contamination  based  on 
equations  23  and  24.  Some  of  these  factors  may  include  the  fol- 
lowinq  (Freeze  &  Cherry,  1979): 

(a)  Density  contrasts  oetween  the  qroundwater  and  the  con¬ 

taminated  plume. 

(b)  Heteroqeneous  soil  media  of  varyinq  permeabilities. 

(c)  Boundary  effects  in  the  porous  media. 

(d)  Transport  phenomena  m  a  fractured  medium  (bedrock). 

(e)  Transport  of  reactive  constituents  (the  presented  ad- 

vection/aisper sion  equation  does  not  incorporate  the 
loss  or  qain  of  solute  due  to  chemical  or  bioloqical 
reactions ) . 

7.2.3  Response  of  aquifers  to  pumpinq.  Within  a  waste  iso¬ 
lation  strateqy  that  incorporates  qroundwater  pumpinq,  an  as¬ 
sessment  must  be  made  of  the  aquifer's  hydraulic  response  to 
various  extraction  and  injection  strateqies.  Under  static  condi¬ 
tions  without  pumpinq,  the  qroundwater  surface  elevation  remains 
essentially  constant  with  normal  seasonal  variations  due  predom¬ 
inantly  to  climatic  conditions.  Pumpinq  introduces  hydraulic 
qradients  slopinq  toward  the  well,  thereby  lowennq  the  overall 
hydraulic  head  as  a  three-dimensional  cone-like  depression  sur- 
roundinq  the  well  point.  When  a  well  is  pumped  at  a  constant 
rate,  the  influence  of  the  extraction  extends  outward  with  time. 
The  methodoloqy  for  evaluatinq  this  cone  of  depression  or  "draw¬ 
down"  is  based  on  the  partial  differential  equation  shown  as 
follows,  and  is  qraphically  presented  on  Figure  58.  This  equa¬ 
tion  describes  saturated  flow  in  two  horizontal  dimensions  with¬ 
in  a  confined  aquifer  (Todd,  1980;  Freeze  and  Cherry,  1979). 

62h  ,  1  6h  .  S  6n  yc. 

.  2  r  dr  T  at  1  ' 

0  L 

wnere:  h  =  Pressure  head. 

r  =  Radial  distance  from  the  pumped  well. 

S  =  Storaqe  coefficient  =  Ssp;  specific  storage  of 
aquifer  times  aquifer  thickness. 

T  =  Transmissivity  =  Kb;  hydraulic  conductivity  of 
aquifer  times  aquifer  thickness. 

Theis  (1935)  developed  an  analytical  well  function  solution 
to  equation  25  to  describe  the  hydraulic  drawdown  that  results 
from  well  pumpinq  of  a  confined  aquifer. 


'rizontal  confined  aquifer. 


hQ  -  mi  ,t)  =  «ln)  ( 26) 

r^S 

Where:  u  =  (27) 

Once  tne  aquifer  properties  of  transmissivity,  T,  storage, 
S,  and  pumpinq  rate,  Q,  are  known  for  a  particular  application, 
one  can  predict  tne  drawdown  in  nydraulic  pressure  head  within 
the  confined  aquifer  at  a  specific  radial  distance,  r,  from  the 
well  at  any  time,  t,  after  the  start  of  pumpinq.  Once  the  fac¬ 
tor,  u,  is  calculated  usinq  equation  27,  the  well  function  value 
of  u  (referenced  as  W(u)  in  equation  26)  can  be  obtained  from 
the  tabulated  values  of  W  (u)  (see  Table  29  for  well  function 
values ) . 


For  a  system  of  "n"  number  of  wells,  as  in  a  multiple  well 
field,  the  Theis  solution  can  be  applied  to  calculate  the  over¬ 
all  drawdown  in  the  confined  aquifer  (see  Figure  59  for  a  sche¬ 
matic  of  a  douole-well  pumpinq  scheme) .  As  shown  on  this  figure, 
the  pumpinq  wells  are  normally  located  so  that  the  cones  of  de¬ 
pression  intersect  so  that  an  overall  zone  of  influence  is 
achieved.  For  the  well  system  pumping  at  rates  Qj_,  Q2, 
Q3 »  ....Qn,  tne  following  relation  can  be  used  to  predict 
the  drawdown  at  a  point  whose  radial  distance  from  each  well  is 
given  by  r^,  r^,  r3»....rn: 


ho-  n  = 


JxT  W  (U1} 


Wnere: 


ui  = 


r  2S 
1 

4 1 .  T 
1 


TSt  W(U2> 


4xT  W  (U3) 


and  1  =  1  to  n 


+  W  (u  ) 

4xT  n 

(28) 


Geoloqic  configurations  may  not  be  as  idealized  in  the  confined 
aquifer  situation  modeled  by  the  previous  equations.  Deviations 
from  the  Theis  solution  may  occur  for  time -drawdown  responses  of 
the  aquifer  in  the  following  situations: 


(a)  Leaky  aquifers. 

(b)  Unconfined  aquifers. 

(c)  Stepped  pumpinq  rates. 

(d)  Bounded  aquifers. 

(e )  Partially  penetrating  wells. 
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TABLE  29.  VALUES  OF  THE  WELL  FUNCTION  W (u )  FOR  VARIOUS 
VALUES  OF  u 


Source:  Wenzel,  1942 


One  basic  assumption  ot  t lie  Theis  solution  is  otten  not  com¬ 
pletely  met  which  relates  to  isolation  ot  qrounawater  underlyinq 
a  waste  disposal  site.  This  assumption  is  that  an  impermeable 
layer  overlies  a  continea  aquifer.  The  mathematics  of  the  Theis 
solution  do  not  account  tor  the  manner  in  which  qroundwater  is 
replenished  throuqh  infiltration  or  tor  the  presence  of  bounda¬ 
ries  that  limit  the  extent  ot  the  aquifer.  Actual  drawdown  in 
leaky  aquifers  is  less  than  that  in  completely  confined  aqui¬ 
fers.  Use  ot  the  Theis  equation  in  leaky  aquifer  situations  to 
predict  water  taole  chanqes  provides  a  conservative  estimate  by 
over pr ed ict inq  drawdown.  A  modified  solution  to  the  Theis  equa¬ 
tion  can  be  used  to  quantify  drawdown  in  leaxy  aquifers.  This 
solution,  as  derived  by  Hantush  (19t>0)  and  Neuman  and  Wither¬ 
spoon  (1969),  is  as  follows: 


o 

Wnere: 


n  -„  -  -a 


4xT 


W(u,  r/B) 


(29) 


W(u,r/B)  =  Leaky  aquifer  well  function. 

r/B  -  - C- 


K’ 
b  ' 


/T/ ( K ' /d * ) 

=  Hydraulic  conductivity  of  aquitard. 

=  Thickness  of  saturated  semipervious  layer 


Values  for  the  well  function,  W(u,  r/B),  have  been  tabulated  and 
can  be  readily  ootained. 


Unconfined  aquifers  introduce  errors  into  use  of  the  normal 
Theis  solution.  Estimates  for  an  unconfined  aquifer  are  compli¬ 
cated  by  the  presence  of  a  vertical  flow  component,  in  addition 
to  the  horizontal  flow  components  found  in  confined  aquifers 
(Freeze  and  Cherry,  1979).  Extraction  pumpinq  creates  a  draw¬ 
down  cone  m  the  entire  water  table  and  thus  induces  the  verti¬ 
cal  component  of  flow.  Neuman  (1972,  1975)  developed  the  uncon- 
tined  aquifer  solutions  as  shown  below: 

%  '  n  =  4*T  *(ua'  uo'  N)  l30) 


Where:  W  ( u  a , 


uD,  N) 
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Uncont ined 

jd 

2b 


aquifer 


well  function  N. 
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The  desiqn  and  installation  ot  well-point  extraction  systems 
must  consider  tne  type  of  qroundwater  reqime  (which  determines 
the  specific  drawdown  equation  to  use)  ,  the  transmissivity  and 
storativity  of  the  aquifer,  the  affected  area  ot  the  waste  site, 
and  the  depth  to  the  wate r-bear inq  zone.  These  factors  affect 
tne  number  of  extraction  or  injection  wells,  tne  spacmq  between 
adjacent  wells,  the  required  well  deptns,  the  pumpinq  rates,  and 
the  size  ot  the  pipes. 

As  discussed,  tne  successful  application  of  a  well-point  ex¬ 
traction  system  is  dependent  on  suitable  hydroqeoloqical  site 
conditions.  If  tne  underlyinq  soils  or  qeoloqy  have  a  low  trans¬ 
missivity,  pumpinq/ex tract  ion  wells  will  probably  not  be  effec¬ 
tive.  The  radius  of  the  cone  of  depression  for  each  well  will  be 
too  small  to  intercept  the  contaminant  plume  in  a  cost-effective 
manner . 

7.3  Environmental  performance  verification.  The  use  of  the 
predictive  equations  described  in  subsection  7.2  forms  the  basis 
ot  an  assessment  ot  qroundwater  flow  manipulation  techniques.  An 
equally  important  component  of  sucn  an  evaluation  is  the  use  of 
environmental  performance  verification  techniques.  To  determine 
the  actual  field  response  of  a  qroundwater  reqime  to  well-point 
pumpinq,  the  specific  environmental  parameters  of  hydraulic  con¬ 
ductivity,  k;  soil  porosity,  n;  aquifer  transmissivity,  T;  and 
aquifer  storativity,  S;  must  be  verified  throuqh  laboratory  and/ 
or  field  analytical  methods.  This  subsection  concentrates  on  the 
laboratory  testinq  techniques  and  the  field  testinq  techniques 
ot  piezometer  and  pumpinq  tests  that  can  be  used  to  verify  the 
performance  of  a  qroundwater  flow  manipulation  strateqy. 

The  typical  verification  procedure  includes  the  acquisition 
ot  representative  soil  samples  tor  laboratory  analysis  and  the 
subsequent  field  placement  ot  exploratory  piezometers  and  well 
points  tor  pumpinq  tests.  Tne  course  of  events  typically  incor¬ 
porated  durinq  the  initial  exploration  of  an  aquifer  includes 
tne  tollowinq  (Freeze  and  Cherry,  ly79) : 

(a)  Dnllinq  of  a  test  well  with  one  or  more  observation 
piezometers  to  establish  qeneral  aquifer  characteris¬ 
tics. 

(o)  snort-term  pumpinq  tests  to  determine  empirically  the 
hydroqeoloqical  aquifer  parameters. 

(c )  Application  of  tne  appropriate  predictive  equations, 
developed  in  subsection  7.2,  usinq  the  results  of  the 
pumpinq  tests  to  desiqn  the  extraction/ injection  well 
system  required  to  perform  qroundwater  flow  manipula¬ 
tion  . 


7.3.1  Laboratory  tests.  Laboratory  tests  are  performed  to 
describe  the  basic  hydroqeoloq ical  parameters  required  for 
qroundwater  modellinq.  Laboratory  tests  are  performed  on  small 
samples  taken  as  undisturbed  soil  connqs  or  as  representative 
qrab  samples  to  determine  the  soil's  hydraulic  conductivity  and 
porosity.  These  hydroqeoloqical  parameters  are  indicative  of  the 
soil  in  the  saturated  state,  such  as  with  aquifer  systems. 


7. 3.1.1  Hydraulic  conductivity.  Hydraulic  conductivity 
represents  tne  key  factor  in  the  soil's  capacity  to  transmit 
subsurface  water.  The  hydraulic  conductivity  (which  has  a  direct 
relationsiup  to  soil  permeability)  can  be  measured  in  the  labor¬ 
atory  witn  two  Dasic  types  of  apparatus.  These  include  the  con¬ 
stant-head  permeameter  (as  shown  m  Fiqure  faOa)  and  the  fall- 
mq~head  permeameter  (as  shown  in  Fiqure  60o)  .  The  constant- 
nead  unit  incorporates  a  continuous  supply  of  water  to  provide 
a  constant  pressure  head  differential  across  the  sample,  wnile 
tne  tallinq-head  unit  incorporates  a  t ime -dependent  relationship 
to  compensate  for  decreasinq  pressure  nead  differentials. 


In  the  constant-head  test,  a  soil  sample  of  length,  L,  and  a 
cross-sectional  area.  A,  is  enclosed  in  the  cylindrical 
and  tne  nead  differential,  H,  is  set 
volumetric  discharqe  of  Q 
plication  of  the  Darcy 


un  it , 

up  across  the  sample.  The 
is  measured,  and  a  straiqhttorwar d 
leads  to  an  expression  of 
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Hydraulic  conductivity  as  shown  (Freeze  and  Cherry,  1979): 
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In  tne  tallinq-head  test,  a 
ment  is  utilized,  and  the  chanqe 
falls  from  Hq  to  Hi,)  within 


area  "a"  is  measured  durinq 
conductivity  is  calculated 
(Freeze  and  Cherry,  1979): 


similar  soil  encasinq  arranqe- 
m  hydraulic  head  (water  level 
a  small  tube  of  crosssectional 
an  exapsed  time,  t.  The  hydraulic 
from  the  relationship  as  shown 


aL  .  'H- 

At  in  \  H 


(32) 


7.3. 1.2  Porosity.  Soil  porosity  is  a  measurement  that  re¬ 
lates  the  volume  of  pore  openings  or  voids  to  the  total  volume 
of  the  soil  mass.  The  porosity,  n,  can  oe  an  important  control¬ 
ling  influence  on  the  soil's  hydraulic  conductivity.  Generally, 


soil  samples  ot  hiqn  porosity  also  have  hiqh  hydraulic  conduc¬ 
tivity.  in  theory,  soil  porosity  would  oe  measured  in  the  labo¬ 
ratory  by  saturatinq  a  sample,  measunnq  its  total  volume, 
Vt,  weiqhinq  the  saturated  sample,  and  oven  dryinq  to  evapor¬ 
ate  the  water  ( Lamoe ,  1951).  The  weiqhts  ot  the  water  would  be 
converted  to  its  volume,  and  this  would  be  equivalent  to  the 
volume  ot  the  void  space,  Vv.  Porosity  could  be  calculated 
trom  the  tollowinq  relation  { Lambe ,  1951): 

V 

v  ,  „  „ 


The  difticulty  in  practice  arises  from  the  tact  tnat  many 
1  samples  are  nearly  impossible  to  saturate.  To  compensate 
this  laboratory  constraint,  a  density  relationship  follows 
t  can  be  used  to  calculate  porosity  (Vomocil,  ly65).  In  the 
ation,  pb  is  the  bulK  density,  which  is  a  measurement  of 
oven-dried  mass  divided  by  the  initial  field  volume,  and  the 
tor  ps  is  the  soil  particle  density,  which  is  a  measure- 
t  ot  the  oven-dried  mass  divided  by  the  volume  of  solid  par¬ 
ies  . 
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7.3.2  Piezometer  tests.  Piezometers  can  oe  utilized  as  a 
field  verification  method  tor  obtaining  m-situ  hydraulic  con¬ 
ductivity  rates.  Piezometer  tests  incorporate  short-duration  re¬ 
movals  or  introductions  of  a  known  quantity  ot  water  to  assess 
the  t ime -dependent  recovery  of  the  aquifer.  Piezometer  tests  can 
incorporate  either  units  that  are  open  at  the  base  tor  only  a 
short  lenqtn  (point  piezometers),  or  units  that  are  screened 
over  the  entire  thickness  of  tne  confined  aquifer. 


The  interpretation  used  most  commonly  to  predict  the  field 
hydraulic  conductivity  tor  a  point  piezometer  was  developed  by 
Hvorslev  (1951).  In  terms  of  a  bailinq-recovery  test  (timed  re¬ 
moval  ot  water),  Hvorslev  reasoned  that  the  inflow  recovery  to 
the  well  is  a  function  of  the  soil's  hydraulic  conductivity,  K, 
and  the  unrecovered  head  difference  in  the  well.  The  relation¬ 
ship  used  to  calculate  K  from  this  testing  methodology  is  as 
follows  (Freeze  and  Cherry,  1979): 


K 


r ^ 1 n ( L/R ) 
2  LT 

o 


(35) 
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Wnere:  r  =  Radius  ot  the  piezometer. 

L  =  Lenqtn  ot  point  piezometer  intake. 

R  =  Radius  ot  point  piezometer  intake. 

T0  =  Basic  time  laq  tor  the  aquifer. 

A  set  ot  timed  tieid  recovery  data  points  are  obtained,  and  a 
plot  ot  the  ratio  of  unrecovered  head  difference  to  the  initial 
head  ait terence  (H-h/H-h0)  is  made.  From  this  plot,  an  empir¬ 
ical  value  tor  tne  aquifer's  basic  time  laq  of  recovery,  T0, 
is  obtained. 

The  test  methodoloqy  applied  to  piezometers  that  are  open 
over  the  entire  confined  aquifer  thickness  was  developed  by 
Cooper  et  al.  (1967)  and  Papadopoulos  et  al.  (1973).  The  solu¬ 
tion  parallels  the  Theis  solution  for  combined  aquifer  pumpinq 
described  in  subsection  7.2,  and  utilizes  a  curve-match inq  pro¬ 
cedure  to  empirically  verify  the  aquifer  parameters  of  transmis¬ 
sivity  and  storativity.  Once  the  bailmq-recovery  tests  are  com¬ 
plete  and  the  transmissivity,  T,  is  qraphically  obtained,  the 
relationship  that  follows  is  used  to  calculate  hydraulic  conduc¬ 
tivity  in  a  confined  aquifer  ot  thickness,  D  (Freeze  and  Cherry, 
1979)  : 

K  =  T/o  (36) 

7.3.3  Field  pumpinq  tests.  Pumpinq  tests  represent  empiri¬ 
cal  methods  to  tieid  verify  tne  aquifer  parameters  of  transmis¬ 
sivity,  T,  and  storativity,  S.  Pumpinq  tests  provide  useful  m- 
tormation  that  is  more  representative  of  true  aquifer  conditions 
than  that  provided  oy  laboratory  and  piezometer  tests.  Labora¬ 
tory  tests  provide  sinqulac  point  values  of  hydr oqeoloqical  pa¬ 
rameters,  and  piezometer  tests  provide  in-situ  values  that  are 
only  representative  of  a  relatively  small  volume  of  the  aquifer 
surroundinq  piezometer  openings.  Pumpinq  tests  provide  the  ad- 
vantaqes  of  in-situ  measurement  while  averaqinq  the  hydroqeoloq- 
lcal  parameters  over  a  larqe  aquifer  volume.  Disadvantaqes  of 
the  pumpinq  tests  include  the  costs  for  pertormmq  the  field 
tests  and  the  difficulty  in  predictinq  the  results. 

The  formulas  presented  in  subsection  7.2  are  applied  to 
pumpinq  tests  witn  empirical  values  obtained  for  drawdown, 
hQ-h,  versus  time  to  determine  T  and  S  for  the  aquifer.  The 
methodoloqy  used  in  pumpinq  tests  is  qraphical.  The  two  qraphi- 
cai  approaches  discussed  briefly  in  this  subsection  include  the 
Theis  method  (involvinq  curve  matchinq  on  a  loq-loq  plot)  and 
the  Jacob  method  (involvinq  interpretations  from  a  semiloq  plot) 
(Freeze  and  Cherry,  1979). 


7.3. 3.1  Pumpinq  tests:  Theis  method.  The  Theis  graphical 
method  is  used  in  conjunction  with  a  pumpinq  well  and  an  ob¬ 
servatory  piezometer  at  some  distance  away  (but  within  the  ex¬ 
pected  cone  ot  depression  of  the  pumpinq  well).  Dunnq  the  pump¬ 
ing,  tne  drawdown  is  ooserved  in  the  piezometer,  and  the  follow¬ 
ing  qraphical  curve -matching  procedure  is  incorporated  (Freeze 
and  Cherry,  1^79)  : 

(a)  Plot  the  theoretical  well  response  or  "type  curve"  by 

plottmq  tne  well  function  w  (u)  versus  1/u  on  loq  - 
log  paper. 

(b )  Plot  the  observed  "field  curve"  witn  drawdown  values, 

nQ-h,  versus  time,  t,  on  a  second  loq-log  graph  of 
the  same  scale. 

(c )  Superimpose  and  adjust  the  field  curve  with  the  type 

curve,  keepinq  the  coordinate  axes  parallel,  until 
tne  majority  of  the  observed  data  points  fall  on  the 
type  curve. 

(d )  An  arbitrary  match  point  is  selected  and  the  four  cor¬ 

responding  values  of  w(u),  1/u,  d0-h,  and  t  are 

used  in  conjunction  with  the  Known  pumpinq  rate,  Q, 
and  the  radial  distance  from  the  well  to  the  piezome¬ 
ter,  r,  to  empirically  calculate  T  and  S  using  manip¬ 
ulations  of  equations  25  and  26,  shown  as  follows: 


T  _  CW  (u) 

4  x(hQ-h) 


(37) 
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4  uTt 


(38) 


7.3.  3.2  Pumpinq  tests:  Jacob  method.  Cooper  and  Jacob 
(ly 4 6)  developed  a  semilog  interpretation  method  for  the  pumpinq 
test  that  is  based  on  an  infinite  series  representation  for  the 
well  function.  With  fairly  long  pumping  times,  the  solution  for 
aquifer  drawdown  can  be  represented  by  the  following  relation 
( Linsley/Franzini ,  ly  7  9): 


h  -  h 
o 


2.  3U 
4xT 


loq 


2. 25Tt 
r  2S 


( 39) 
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A  semnoq  plot  of  drawdown,  hQ-h,  versus  the  loqanthm  of 
time,  t,  results  in  a  straiqht  line.  An  extrapolation  of  the 
linear  plot  to  the  intersection  with  the  zero  drawdown  axis  re¬ 
veals  the  well's  time  laq,  referenced  as  tQ.  Usinq  this 
qraphical  methodoloqy,  the  basic  aquifer  parameters  can  be  veri¬ 
fied  from  the  field-measured  drawdown  values.  Knowinq  the  pump- 
mq  rate,  Q,  and  the  measured  drawdown  for  one  loq  cycle,  h,  the 
values  tor  T  and  S  can  be  calculated  usinq  the  relations  shown 
as  follows  (Freeze  and  Cherry,  1979): 


2.  25  Tt 


(  40) 
(41) 


26  j 


REFERENCES 


Baetsie,  L. H.  ,  "Miqration  of  Radionuclides  in  Porous  Media, 
proqress  in  Nuclear  Enerqy,  Series  XII,  Health  Physics,  Pergam- 
on  Press,  Elmstord,  New  York,  1969,  pp  707-730. 

Cooper,  H. H.  et  al.,  "Response  of  a  Finite-Diameter  Well  to  an 
Instantaneous  Charge  of  Water,"  Water  Resources  Research,  i, 
1967  ,  pp  263-260. 

Cooper,  H. H. ,  Jacob,  C. E. ,  "A  Generalized  Graphical  Method  for 
Evaluatinq  Formation  Constants  and  Summanzinq  Well  Field  His¬ 
tory,"  Trans.  Amer  .  Geophys.  Union,  27,  1946,  pp  526-534. 

Fetter,  C.W.,  Applied  Hydrogeology,  1980. 

Freeze,  R. A.  and  Cherry,  J.A. ,  Groundwa ter ,  1979. 

Hantush,  M.S.,  "Modification  of  the  Theory  of  Leaky  Aquifers," 
J.  Geophys.  Res.,  65,  1960,  pp  3713-3725. 

Hubbert,  M.K.,  "The  Theory  of  Groundwater  Motion,"  J.  Geol . , 
48,  1940,  pp  785-944. 

Hvorslev,  M.J. ,  "Time  Laq  and  Soil  Permeability  in  Groundwater 
Observations,  U.S.  Army  Corps  Engineers  Waterways  Experiment 
Station  Bulletin  36,  1951. 

J.R.B.  Associates,  "Remedial  Action  at  Waste  Disposal  Sites," 
1982. 

Lamoe ,  T.W.,  Soil  Testing  for  Engineers,  1951. 

Linsley,  R.K.,  Franzini,  J.B.,  Water  Resources  Engineering, 
19  79  .  ~ 

Neuman,  S.P.  and  Witherspoon,  P.  A.  ,  "Theory  of  Flow  in  a  Con¬ 
fined  Two-Aquifer  System,"  Water  Resources  Research,  5,  1969, 

pp  8U3-816. 

Neuman,  S.P.  and  Witherspoon,  P.A.  ,  "Applicability  of  Current 
Theories  of  Flow  in  Leaky  Aquifers,"  Water  Resources  Research, 
5,  1969,  pp  817-829. 

Neuman,  S.P. ,  "Theory  of  Flow  in  Unconfined  Aquifers  Consider¬ 
ing  Delayed  Response  of  the  Water  Table,"  Water  Resources  Re¬ 
search,  8,  19  7  2,  pp  10  31-10  45. 


264 


Neuman,  S.P.  ,  "Analysis  of  Pumpinq  Test  Data  from  Anisotropic 
Unconfined  Aquifers  Consider inq  Delayed  Gravity  Response,"  Wa¬ 
ter  Resources  Research,  11,  1975,  pp  329-342. 

Oqata,  A.,  "Theory  of  Dispersion  in  a  Granular  Medium,"  U.S. 
Geoloqicai  Survey,  Paper  411-1,  1970. 

Papadopoulous,  I.S.  et  al. ,  "On  the  Analysis  of  Sluq  Test 
Data,"  water  Resources  Researcn,  9,  1973,  pp  1087-1089. 

Theis,  C. V. ,  "The  Relation  Between  the  Lowering  of  the  Piezome- 
tnc  Surface  and  the  Rate  and  Duration  of  Discnarqe  of  a  Well 
Us inq  Groundwater  Storaqe,"  Trans.  Amer.  Geophys.  Union,  2, 
1935,  pp  519-524. 

Todd,  D.K.,  Groundwater  Hydrology,  1980. 

Vomocil,  J.A. ,  "Porosity,"  Methods  of  Soil  Analysis,  Part  1, 
American  Society  of  Aqronomy,  Madison,  Wisconsin,  1965,  pp 
299-314. 

Wenzel,  L.  K.  ,  "Methods  of  Determining  Permeability  of  Water- 
Bearing  Materials,  U.S.  Geoloqicai  Survey,  Water-Supply  Paper 
887,  1942,  pp  192. 


26  5 


8.  IN-SITU  PROCESS ING/TREAIMENT  TECHNIQUES 

8.1  General.  The  in-situ  processing  and  treatment  technolo¬ 
gies  discussed  in  this  section  are  methods  of  treating  lagoon 
contents  directly,  as  opposed  to  systems  such  as  slurry  walls  or 
cover/cap  systems  that  isolate  or  contain  the  entire  lagoon.  Di¬ 
rect  treatment  techniques  include  biological,  chemical,  and 
physical  processes  used  to  treat  the  waste  and  thereby  render  it 
nonhazardous  (or  less  hazardous) .  In-situ  processing  is  often 
used  in  conjunction  with  other  containment  techniques. 

Treatment  techniques  covered  in  this  discussion  include  the 
following: 

(a )  Solidification/ stabilization . 

(b)  Biological,  chemical,  and  physical  treatment. 

Treatment  and  processing  technologies  considered  for  lagoon 
closure  must  be  suitable  for  treating  highly  complex  waste 
streams.  Table  30  is  a  listing  of  compounds  thought  to  be  pres¬ 
ent  in  waste  lagoons.  Due  to  their  reactivity,  explosives  are 
the  contaminants  of  primary  concern.  However,  if  metals  are 
also  present  they  must  he  treated  or  stabilized  so  that  the 
waste  is  no  longer  leachable.  The  U.S.  EPA  has  established  a 
standard  testing  procedure  to  evaluate  the  leachability  ot  many 
wastes.  This  test,  the  EP  toxicity  test,  can  be  used  m  refer¬ 
ence  to  metal  waste  streams. 

in  general,  two  approaches  for  waste  processing  or  treat¬ 
ment  can  be  considered  for  in-situ  lagoon  closure.  One  approach 
involves  the  in-lagoon  mixing  of  the  treatment  reagents  and  the 
waste  material.  The  required  reagents  are  added  directly  to  the 
lagoon  and,  if  necessary,  mixed  with  the  wastes,  typically  using 
drag  line  or  bacxhoe  equipment.  This  approach  offers  the  advan¬ 
tage  (and  cost  savings)  that  wastes  do  not  have  to  be  removed 
from  the  lagoon.  A  potential  disadvantage  is  that  homogenous  mix 
and  thorough  treatment  is  more  difficult  to  obtain. 

A  second  approach  involves  out -of -lagoon  treatment  where 
wastes  are  removed  from  the  lagoon  and  processed  through  a  small 
transportable  plant  or  reactor  set  up  next  to  tne  lagoon.  This 
approach  involves  more  materials  handling  steps,  however,  a 
higher  level  of  process  control  is  possible. 

The  majority  of  the  treatment  processes  discussed  in  this 
report  will  require  out -of-lagoon  processing.  However,  some  of 
the  simpler  processes  such  as  fixation  or  biological  treatment 
do  not  require  a  specialized  reaction  vessel,  so  that,  in  some 
cases,  in-lagoon  processing  may  be  possible. 
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TABLE  30.  SUMMARY  OF  EXPLOSIVES  AND  OTHER  COMPOUNDS 
IDENTIFIED  IN  WASTE  LAGOONS 


TNT 

RDX 

HMX 

DNT 

Tetryl 

Mercury 

Octol  (RDX- 70 ;  TNT-30) 

Composition  A  (RDX-91;  Wax -9) 

Composition  B  (RDX-60;  TNT-39;  Wax-i) 

Propellants 

Nitrocellulose 

Nitroqlycer ine 

Tritonal 

Ammonia  picrate 

PETN 

UDMH 

Amitol 

Aniline 

Ni ttooenzene 

Barium  nitrate 

Lead  azide 

Lead  stypdnate 

Ac  ids 

Ammonium  nitrate 

Lead 

Zinc 

Copper 

Iron 

SO  4 

P04 
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It  should  be  recognized  that  many  treatment  techniques  that 
may  be  applicable  to  in-situ  closure  of  lagoons  are  innovative 
technologies  that  at  this  time  have  not  been  proven  through 
long-term  application. 

Some  of  these  technologies  are  still  in  the  developmental 
stage  and  process  reliability  has  not  been  fully  demonstrated. 
These  innovative  technologies  will  be  discussed  only  in  brief. 
The  emphasis  of  this  discussion  is  on  standard  practice  or 
proven  state-of-the-art  technology. 

8 . 2  So lid if ic at ion/stabilization . 

8.2.1  Process  description.  Waste  fixation  is  a  term  that 
is  generally  used  to  refer  to  solidif ication/stabilization  proc¬ 
esses.  These  processes  are  normally  used  to  isolate,  immobilize, 
or  contain  sludge  and  semi-solid  waste  materials  by  combining  a 
fixation  agent  (admixture  material)  with  the  waste.  Fixation 
technologies  usually  include  treatment  techniques  designed  to 
process  the  sludge  and  semi -solid  wastes  into  a  solid  form.  Of¬ 
ten  this  solid  form  will  exhibit  nonhazardous  or  less  hazardous 
characteristics.  Fixation  technologies  nave  evolved  largely  as 
an  outgrowth  of  U.S.  Department  of  Transportation  regulations 
promulgated  in  the  1960’s  that  restrict  the  transport  of  liquid 
radioactive  wastes  (Pojasek,  1979).  The  processes  have,  there¬ 
fore,  been  in  use  for  some  time  so  that  process  reliability  for 
some  applications  is  fairly  well  demonstrated. 

The  terms  solidification  and  stabilization  are  often  used 
interchangeably,  however,  they  represent  different  concepts. 
Solidification  refers  to  the  production  of  a  solid,  monolithic 
material  with  a  high  level  of  structural  integrity.  Stabiliza¬ 
tion  refers  to  the  immobilization  of  toxic/hazardous  constitu¬ 
ents  by  means  of  a  chemical  reaction  to  form  insoluble  compounds 
or  by  means  of  entrapment  of  the  constituents  in  a  stable,  wa¬ 
tertight  lattice. 

Some  fixation  processes  have  been  found  to  be  applicable  to 
the  treatment  and  disposal  of  various  hazardous  wastes.  Use  of 
these  techniques  to  treat  wastes,  however,  can  be  restricted  due 
to  economic  considerations.  Also,  not  all  fixation  processes  are 
suitable  tor  treating  complex,  noisiomogeneous  wastes.  Chemical 
compatibility  between  the  waste  and  the  fixation  agent  can  be 
problematic.  Therefore,  consideration  of  waste  constituents  must 
be  taxen  prior  to  selecting  a  fixation  process. 
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The  primary  goals  of  solidification/ stabilization  are  as 
tol  lows : 

(a)  To  improve  the  handling  and  physical  characteristics 

of  wastes. 

(b )  To  render  hazardous  products  chemically  nonreactive  and 

nonhazardous . 

(c)  To  immobilize  the  hazardous  constituents  in  a  waste  by 

decreasing  waste  solubility. 

Solidif ication/stabilization  is  achieved  by  mixing  waste 
with  a  fixation  agent  tnat  either  surrounds  and  physically  en¬ 
traps  the  waste  and  hardens  or  chemically  bonds  with  the  waste 
to  form  a  solid  matrix,  ideally,  the  resultant  product  is  a  non- 
reactive  monolithic  mass  of  good  structural  stability,  low  per¬ 
meability,  and  low  solubility,  which  is  resistant  to  bio-chemi- 
cal  degradation  and  weathering. 

Fixation  techniques  can  be  grouped  according  to  the  nature 
ot  the  fixation  agent  used  in  each  process.  The  following  tech¬ 
niques  will  be  discussed  in  tnis  report: 

(a)  Cement-based  techniques. 

(d)  Lime -based  techniques. 

(c)  Thermoplastic  techniques. 

(d)  Organic  polymer  techniques. 

Many  of  these  fixation  processes  are  of  a  proprietary  nature 
and  may  be  covered  by  various  vendor  patents.  As  a  result,  the 
exact  composition  ot  the  fixation  agents  is  not  always  avail¬ 
able  . 

Several  other  fixation  techniques  exist  that  will  not  be 
covered  because  they  are  not  well  suited  for  processing  lagoon 
wastes.  One  such  process  is  encapsulation,  which  is  used  to  seal 
wastes  in  containers,  and  thus  is  not  suitable  for  treatment  of 
bulk  quantities  of  waste.  Glassification  is  another  example  of  a 
process  that  could  be  used  to  treat  a  wide  variety  of  wastes. 
However,  economic  considerations  often  prohibit  its  use.  This 
process  is  extremely  expensive  and  is  generally  used  to  solidify 
small  volumes  of  radioactive  material. 

8. 2.1.1  Cement-based  techniques.  As  the  name  implies,  ce¬ 
ment-based  techniques  use  cement,  commonly  portland  cement,  as  a 
fixation  agent.  Portland  cement  is  composed  of  about  55  percent 
tricalcium  silicate,  25  percent  dicalcium  silicate,  10  percent 
tricalcium  aluminate,  and  10  percent  calcium  aluminofer r ite . 
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wnen  water  and  waste  are  mixed  with  the  anhydrous  cement,  a  cal¬ 
cium-aluminum  silicate-hydrate  qel  is  produced  that  slowly  hard¬ 
ens  into  a  solid  crystalline  mass.  Thus,  tne  waste  is  fixed 
within  a  monolithic  silicate  matrix,  and  incorporated  into  the 
cement  crystal  structure. 

A  qeneral  cementation  reaction  can  be  expressed  as  follows: 

Si02  +  A1203  +  Ca  (0H2) - ►CaO»Al20  3*  Si02*  H20 

This  reaction  will  vary,  however,  dependmq  on  the  tollow- 

mq  : 

(a)  The  composition  of  tne  cement  used. 

(b)  The  nature  of  any  additives  used. 

(c )  The  nature  of  any  impurities  present  in  the  waste. 

Some  wastes  contain  impurities  that  can  impede  the  settinq 
ana  cunnq  process  of  solidification.  The  resultant  product  can 
then  be  nonstaole  or  friable.  For  example,  orqanics  at  concen¬ 
trations  of  qreater  tnan  10  percent  can  interfere  with  solidi¬ 
fication  (Kitchens,  ly80).  Otner  impurities,  includinq  salts  of 
zinc,  copper,  lead,  manqanese,  and  tin;  sodium  salts  of  arse¬ 
nate,  borate,  phosphate,  lodate,  and  sulfide;  and  sulfate  salts, 
act  as  settinq  retarders  that  may  s iqnif icantly  reduce  the 
strenqtn  of  the  solidified  product  (EPA,  lydO).  Very  fine  par¬ 
ticulate  matter,  such  as  fine  silts  and  silty  clays,  can  also 
weaken  a  cement  fixed  waste  product,  as  these  materials  may  coat 
the  larqer  solids  in  tne  waste,  and  weaken  the  bond  between  the 
larqe  waste  particles  and  the  cement  (Kitchens,  lybO). 

The  detrimental  effects  of  some  of  these  impurities  may  be 
overcome  by  the  use  of  certain  additives  that  nave  been  found  to 
enhance  the  cementation  reaction.  These  additives  include  sul¬ 
fides,  asbestos,  latex,  plastics,  clay,  oentonite,  silicates, 
lime,  and  other  proprietary  compounds  (EPA  iy80). 

Because  the  cementation  process  can  be  affected  by  various 
waste  constituents  and  additives,  it  is  necessary  to  perform  a 
comprehensive  chemical  analysis  of  a  waste  and  conduct  bench- 
scale  test  mq  prior  to  solidification  treatment.  Waste  charac¬ 
terization  data  are  required  to  estimate  the  optimum  mix  of  ce¬ 
ment,  waste,  and  additives  for  processing.  A  bench-scale  test- 
inq  proqram  desiqned  to  simulate  the  fixation  process  can  then 
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ue  conducted  usmq  the  actual  waste  material  and  estimated  pro¬ 
portions  ot  the  fixation  aqent.  The  bench-scale  tests  are  used 
tor  tne  tollowinq  reasons: 

(a)  Confirm  that  the  cementation  process  will  work  and  that 
the  mixture  cure  will  have  acceptaole  structural 
proper  ties . 

(u )  "Fine  tune"  tne  proportions  of  tne  fixation  aqent  to 
achieve  acceptable  product  characteristics. 

The  advantaqes  and  d isadvantaqes  of  usmq  cement-based  fixa¬ 
tion  for  the  in-situ  treatment  ot  iaqoon  wastes  are  presented  in 
Ta  ole  2  8. 

8 . 2.  1 . 2  Lime-uased,  pozzolamc  processes  (not  contaminq 
cement).  Lime-based  processes  are  very  similar  to  cement-oased 
fixation  techniques  witn  the  exception  that  tine-qrained  sili- 
cious  pozzolamc  material  and  lime  are  used  as  solidifyinq 
aqents  instead  of  cement.  The  reaction  chemistry  is  quite  simi¬ 
lar.  Pozzolamc  materials  such  as  fly  ash,  Dlast  -f  ur  nace  slaq, 
and  cement-Kiln  dust,  when  combined  with  lime  and  water,  form  a 
concrete-like  solid  sometimes  referred  to  as  pozzolamc  -crete . 
Fly  ash,  tor  example,  has  a  chemical  composition  of  30-50  per¬ 
cent  silicon  dioxide,  14-30  percent  aluminum  oxide,  10-30  per¬ 
cent  iron  oxide,  and  1.5-4. 5  percent  calcium  oxide  (Kitchens, 
1880) .  When  fly  ash  is  mixed  with  lime  and  water,  the  mixture 
has  the  same  stoichiometry  as  Portland  cement  and  behaves  like 
cement  when  mixed  with  wastes.  Other  pozzolamc  materials  react 
similarly  to  the  cementation  process. 

The  implementation  of  pozzolamc  processes  would  require  a 
detailed  knowledqe  of  the  waste  composition  and  bench-scale 
testmq  tor  verification  purposes.  This  would  be  conducted  in  a 
similar  manner  as  that  discussed  tor  the  cement-Dased  tech¬ 
niques.  However,  because  the  composition  ot  the  pozzolamc  mate¬ 
rials  will  vary  accordinq  to  tne  source,  it  would  be  necessary 
to  ootam  actual  samples  from  the  pozzolamc  source  tor  tne 
bench-scale  testinq. 

The  main  advantage  of  pozzolamc  fixation  is  that  it  is  qen- 
ecally  inexpensive.  The  pozzolamc  materials  used  in  the  process 
are  "waste"  products  that  may  be  easily  obtained  at  low  cost  it 
a  source  ot  these  materials  is  located  close  to  the  site.  Also, 
tiie  chemistry  of  1  ime/poz  zola  me  reactions  is  well  known  and 
tested.  Other  advantaqes  and  d i sadvantaqe s  ot  lime-based  solid¬ 
ification  processes  are  the  same  as  these  for  cement-based  tech¬ 
niques,  shown  in  Table  31. 
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TABLE  31.  SUMMARY  EVALUATION  OF  CEMENT-BASED  FIXATION 


Advantages 


1.  Treatment  is  relatively  inexpensive.  Cement  is  plenti¬ 
ful  and  moderately  priced. 

2.  Cement  mixinq  equipment  and  technology  is  commonplace. 
Specialized  labor  is  not  required. 

3.  Cement-based  solidification  processes  are  fairly  toler¬ 
ant  of  variations  in  sludqe/waste  moisture  content. 
Sludqes  with  moisture  contents  ranging  from  25-60  per¬ 
cent  can  be  solidified. 

4.  The  strenqth  and  permeability  of  the  final  product  can 
be  varied  according  •  i  the  amount  of  cement  added. 

5.  The  system  is  very  effective  for  immobilizing  heavy 
metals.  Cement  is  naturally  alkaline,  and,  at  hiqh  pH, 
most  multivalent  cations,  including  heavy  metals,  are 
converted  to  carbonates  or  insoluble  hydroxides.  Thus, 
metal  ions  are  incorporated  into  the  crystal  structure 
of  cement  and  are  resistant  to  water  leaching. 

6.  Cement-based  solidification  technoloaies  are  well  de¬ 
veloped  and  proven  throuqh  many  applications  in  the 
hazardous  and  industrial  waste  disposal  fields. 

7.  In-laqoon  or  ou t -of - 1 aqoon  processing  is  possible. 

Disadvantages 


1.  The  process  is  net  suitable  for  wastes  with  orqanic 

content  qreater  than  approximately  10  percent. 

2.  Certain  impurities  in  waste  can  adversely  affect  the 

settinq  or  curinq  of  the  waste/concrete  mixture,  making 
some  wastes,  particularly  those  with  a  hiqh  salt  con¬ 
tent,  unsuitable  for  cement-based  treatment. 

3.  Unless  properly  protected,  some  solidified  products 

are  susceptible  to  decrepitation  by  weatherinq. 

4.  Solidified  products  can  be  susceptible  to  leaching  by 
mildly  acidic  solutions. 

r> .  The  volume  of  the  final  product  produced  by  cement  - 

based  treatment  can  be  double  that  ot  products  of 
other  solidification  processes. 
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8. 2. 1.3  Thermoplastic  techniques.  Thermoplastic  fixation  in¬ 
volves  the  use  of  thermoplastic  materials  to  coat  and  encapsu¬ 
late  waste  in  a  solid  matrix.  Thermoplastics  can  be  described 
most  easily  as  materials  whose  behavior  when  heated  is  analogous 
to  that  of  paraffin.  At  temperatures  greater  than  130-230°C, 
they  are  liquids;  when  cooled  to  lower  temperatures,  they  become 
solids.  Thermoplastics  can  be  liquified  and  solidified  repeated¬ 
ly  without  the  loss  of  these  thermoplastic  properties.  Common 
fixation  agents  that  can  be  classified  as  thermoplastics  include 
paraffin,  asphalt,  polyethylene,  and  nylon. 

Thermoplastic  fixation  is  accomplished  by  mixing  and  heating 
wastes  with  a  thermoplastic  material  in  a  specialized  piece  of 
equipment  known  as  an  extruder.  The  extruder  serves  the  dual 
purpose  of  reducing  the  particle  size  of  the  wastes  while  mixing 
and  thoroughly  coating  the  waste  particles  with  thermoplastic 
material.  The  temperature  profile  along  the  mixing  screws  of  the 
extruder  can  be  closely  controlled.  While  passing  through  the 
hot  mixing  screws,  water  and  volatile  organics  are  evaporated 
and  collected  in  a  condenser  system.  Thermoplastic  material  is 
then  mixed  into  the  solid  waste  particles.  After  passing  through 
the  extruder,  the  coated  waste  material  cools  and  solidifies. 
The  process  generally  results  in  a  product  of  substantially  re¬ 
duced  volume,  due  to  water  loss,  and  a  product  that  is  extremely 
resistant  to  leaching,  weathering,  and  biodegradation. 

Care  must  be  taken  when  selecting  a  thermoplastic  fixation 
material  so  that  it  is  compatible  with  the  waste  being  treated. 
Thermoplastics  are  generally  compatible  with  most  wastes,  with 
the  exception  that  some  organic  chemicals  act  as  solvents 
towards  organic  thermoplastics.  Asphalt  or  asphalt  bitumen  has 
been  found  to  be  one  of  the  most  versatile  thermoplastic  mate¬ 
rials  (EPA,  1979)  . 

The  advantages  and  disadvantages  of  thermoplastic -based  fix¬ 
ation  are  shown  in  T&ole  32. 

8. 2. 1.4  Organic  polymer  techniques.  Organic  polymer-based 
fixation  involves  entrapping  wastes  in  a  polymer  matrix  in  a 
multistep  process.  The  waste  is  first  thoroughly  mixed  with  an 
organic  monomer.  Catalyst  is  then  added  to  the  mixture  which 
causes  the  monomer  to  polymerize.  As  polymerization  takes  place, 
solid  waste  particles  are  trapped  within  the  polymer  matrix, 
while  some  of  the  liquid  escapes.  The  polymer-waste  matrix  is 
then  placed  in  containers  for  disposal. 
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TABLE  32.  SUMMARY  EVALUATION  OP  THERMOPLASTIC 
TECHNIQUES 


Advantages 

1.  The  process  is  suitable  for  treating  a  wide  variety  of 
wastes. 

2.  Processed  wastes  are  very  stable.  They  are  resistant 
to  acidic  leaching,  weathering,  and  microbial 
degradation. 

3.  The  leachate  quality  of  processed  wastes  is  generally 
better  than  that  observed  with  cement-based  and  lime- 
based  systems. 

4.  Treatment  is  a  highly  controlled  process,  which  allows 
for  regulated  product  formation. 

5.  If  the  waste  has  a  high  moisture  content,  significant 
volume  reduction  of  the  waste  is  accomplished  due  to 
loss  of  a  high  percentage  of  the  liquid  content  of  the 
waste. 

6.  The  destruction  of  some  organic  constituents  may  occur 
during  the  heating  process. 

Disadvantages 

1.  Expensive,  highly-specialized  equipment  is  required. 

2.  Skilled  laborers  are  required. 

3.  Some  wastes  may  volatilize  when  heated  to  high  tempera¬ 
tures,  thereby  causing  air  pollution  unless  properly 
controlled. 

4.  The  stability  of  explosive/reactive  materials  at  the 
high  extrusion  temperatures  would  have  to  be 
determ ined. 

5.  Some  organic  wastes  are  not  compatible  with  some  ther¬ 
moplastics. 

6.  Thermoplastics  are  flammable  at  very  high  temperatures; 
heating  must  be  closely  controlled. 

7.  The  thermoplastic  materials  are  generally  more  expen¬ 
sive  as  compared  to  cement-based  and  pos solan ic-based 
agents. 
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Out-of-lagoon  processing  would  be  required  and  would 
involve  a  higher  cost  as  compared  to  in-lagoon  mixing; 
in-lagoon  mixing  could  not  be  performed. 


Organic  polymer  fixation  techniques  for  hazardous  waste  dis¬ 
posal  are  still  in  the  experimental/developmental  stage.  Urea- 
formaldehyde  processing  has  been  used  in  the  past  but  is  not 
highly  recommended  for  long-term  containment  because  it  is  sus¬ 
ceptible  to  biodegradation  (Kitchens.  1980).  The  urea-formalde¬ 
hyde  process  is  used  mainly  to  make  wastes  easy  to  transport  and 
is  not  intended  as  a  permanent  treatment  process. 

The  possible  use  of  other  polymers,  including  polyesters, 
polystyrenes,  and  polyvinyl  compounds  to  achieve  long-term  con¬ 
tainment,  is  now  being  investigated. 

The  principal  advantages  and  disadvantages  of  organic  poly¬ 
mer  processes  are  shown  in  Table  33. 

8.2.2  Environmental  considerations  and  constraints. 

8.2. 2.1  Waste  and  material  characteristics.  Several  key 
issues  relating  to  the  viability  of  waste  fixation  and  waste  and 
material  characteristics  include  the  following: 

(a)  Compatibility  of  waste  and  fixation  agent. 

(b)  Waste  composition  and  moisture  content. 

(c)  Variability  of  waste  characteristics. 

(d)  Bench-scale  testing  for  delisting. 

(e)  Physical  characteristics  of  waste  and  fixation  agent 
to 

establish  mater ials-handling  requirements. 

One  of  the  more  important  factors  for  consideration  in  se¬ 
lecting  a  fixation  process  is  the  compatibility  of  the  waste 
with  the  fixation  agent.  Detailed  chemical  analyses  must  be  per¬ 
formed  to  determine  waste  characteristics  prior  to  selecting  a 
fixation  process.  Constituents  of  primary  concern  include  organ¬ 
ics,  heavy  metals,  sulfates,  and  halides.  Waste  pH  and  moisture 
content  should  also  be  determined. 

Due  to  the  nature  of  waste  lagoons,  it  is  likely  that  the 
moisture  content,  composition,  and  characteristics  of  the  waste 
material  will  vary  with  depth  and  areal  location  in  the  laqoon. 
Waste  characterization  will  require  a  comprehensive  sampling 
program  so  that  the  variability  in  waste  composition  (if  any) 
can  be  accurately  determined.  If  the  fixation  process  is  partic¬ 
ularly  sensitive  to  waste  composition,  this  will  be  an  important 
factor  in  determining  the  acceptability  of  a  particular  fixation 
process . 
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TABLE  33.  SUMMARY  EVALUATION  OF  ORGANIC  POLYMER  TECHNIQUES 


Advantages 

1.  A  comparatively  small  amount  of  fixation  aqent  is  re¬ 
quired  for  processing. 


Disadvantages 

1.  This  technology  is  generally  in  the  experimental/ devel¬ 
opmental  stages  and  cannot  be  considered  proven. 

2.  Little  is  known  about  the  compatibility  of  wastes  with 
polymers. 

3.  Some  polymers  are  biodegradable. 

4.  The  long-term  integrity/stability  of  the  process  is 
questionable.  No  chemical  reactions  occur  between  the 
waste  and  the  polymer  in  the  fixation  process.  Thus, 
the  wastes  are  not  chemically  bound  to  the  polymer , 
they  are  simply  enclosed  in  the  polymer  matrix.  If  the 
polymer  matrix  is  destroyed  throuqh  biodegradation  or 
weakening,  the  toxic  wastes  can  be  released. 

5.  Some  of  the  catalysts  used  in  the  process  are  highly 
acidic  and  can  increase  the  solubility  of  the  toxic 
waste.  If  fixation  takes  place  slowly,  leaching  of 
toxics  can  occur. 

6.  Some  catalysts  are  explosive.  The  fixation  process 
must  be  carefully  controlled. 

7.  Polymerization  reactions  often  release  harmful  fumes. 

8.  In-lagoon  mixture  could  not  be  performed;  out-of-lagoon 
processing  would  be  required  and  would  involve  a  higher 
cost  as  compared  to  in-lagoon  mixing. 
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Table  34  summarizes  general  guidelines  regarding  waste  com¬ 
patibilities  with  fixation  techniques.  More  specific  guidelines 
cannot  be  presented  since  compatibility  ultimately  depends  on 
the  exact  nature  of  the  fixation  agent.  The  exact  composition  of 
fixation  agents  is  usually  proprietary  information  that  varies 
with  individual  vendor  processes,  depending  on  the  additives 
used.  Therefore,  compatibility  must  be  evaluated  on  a  case-by- 
case  basis,  after  referring  to  the  general  guidelines  outlined 
in  Table  34. 

The  physical  and  chemical  properties  of  the  waste  and  fixing 
agent  must  also  be  evaluated  in  regard  to  materials  handling 
considerations.  For  example,  if  in-lagoon  mixing  of  the  waste 
and  fixation  agent  is  being  considered,  the  viscosity  and  mois¬ 
ture  content  of  the  waste  will  be  important  factors  in  determin¬ 
ing  mixing  protocol,  if  out -of -lagoon  mixing  is  being  con¬ 
sidered,  then  the  technique  for  removing  the  waste  from  the  la- 
qoon  will  require  certain  data.  Again,  moisture  content  and  vis¬ 
cosity  will  be  important  along  with  corrosivity  and  solids  con¬ 
tent  if  pumping  is  beinq  considered.  For  pumping,  it  may  be  nec¬ 
essary  to  add  water  to  the  lagoon  contents.  The  characteristics 
of  the  fixing  agent  may  also  become  a  factor  with  respect  to  ma¬ 
terials  handling  and  should  be  assessed  with  respect  to  the 
following: 

(a)  Dust  control  requirements  during  mixing. 

(b)  Pre-blending  of  additives. 

(c)  Onsite  bulk  storage  and  the  potential  for  excessive 

moisture  addition  from  precipitation. 

(d)  Materials  conveyance  requirements. 

(e)  Variability  (if  any)  in  the  composition  of  the  fixing 

agent. 
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TABLE  34.  COMPATIBILITY  OF  SELECTED  WASTE  CATEGORIES  WITH 
DIFFERENT  WASTE  FIXATION  TECHNIQUES 


_ Ttt at— nt  tvpa _ 

Tharao-  Brganlc 

Hast*  CtMnt  Liaa  plastic  polyaar 

coaponant  basad  basad  fixation  (UP)* 


Otoanlca 


Organic  sol- 
vants  and 
oila 

Many  iapada 
satting,  aay 

a  sc  a  pa  as 

vapor 

Many  iapada  sat¬ 
ting,  aay  ascapa 
as  vapor 

Organics  aay 
vaporiza  on 
haating 

May  ratard  sat 
of  polyaar s 

Solid  organ¬ 
ics  (a.g. , 
plastics, 
raslns,  tars) 

Good  —  oftan 

incraasas 

durability 

Good  —  oftan 

incraasas 

durability 

Possibla  uaa 
as  binding 
agant 

May  ratard  sat 
of  polyaars 

Inorganics 

Acid  wastas 

Caaant  will 
nautralisa 
aclda 

Coapatlbla 

Can  ba  nau- 
tralizad  ba- 
fora  incorpor¬ 
ation 

Coapatlbla 

Oxidizars 

Coapatlbla 

Coapatlbla 

Nay  causa  aa- 

trlx  braak- 
down,  flra 

May  causa  aatrix 
braakdown 

Sulfatas 

Hay  ratard 
satting  and 
causa  spalling 
unlass  spaclal 
caaant  is  usad 

Coapatlbla 

May  dahydrata 
and  rahydrata 
causing  split 
ting 

Coapatlbla 

Halidas 

Easily  laachad 
froa  caaant, 
aay  ratard 
satting 

May  ratard  sat, 

aoat  ara  aasily 

laachad 

May  dahydrata 

Coapatlbla 

Haavy  aatals 

Coapatlbla 

Coapatlbla 

Coapatlbla 

Acid  pH  solubll- 
lzas  aatal  hy- 
droxidas 

Hadloactiva 

aatarlals 

Coapatlbla 

Coapatlbla 

Coapatlbla 

Coapatlbla 

*Uraa-foraaldahyda  raain. 
Sourcat  EPA,  1980. 
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It  one  of  the  primary  objectives  of  waste  fixation  is  to 
render  the  waste  material  nonreactive  or  nonhazardous ,  then  the 
importance  of  waste  analysis  and  bench-scale  testing  cannot  be 
overlooked.  The  bench-scale  testinq  proqram  can  be  used  to 
produce  processed  samples  of  the  waste  material,  which  can  then 
be  tested  for  reactive  and  hazardous  characteristics  to  deter¬ 
mine  if  the  desired  results  will  be  achieved.  The  results  of 
these  analyses  could  be  used  for  delisting  purposes  if  the  waste 
is  a  listed  hazardous  waste.  Delisting  of  the  waste  would  be 
highly  attractive  in  reducing  regulatory  and  permitting  require¬ 
ments  for  lagoon  closure. 

8.2. 2. 2  Site  considerations  and  suitability.  Site  condi¬ 
tions  that  may  affect  the  viability  of  waste  fixation  and  major 
considerations  include  the  following: 

(a)  Site  environmental  conditions  that  may  affect  the  lonq- 

term  integrity  and  stability  of  the  fixed  material. 

(b)  Engineered  containment  and  isolation  techniques. 

(c)  Weather  conditions  and  material  decrepitation. 

(d)  Subsurface  and  water  table  conditions. 

The  suitability  of  fixation  processing  for  ln-situ  laqoon 
closure  is  largely  dependent  on  the  physical  and  chemical  sta¬ 
bility  of  the  treated  waste  and  degree  of  treatment  achieved. 
Ideally,  fixation  renders  wastes  nonreactive,  nonhazardous,  non- 
leachaole,  and  stable  over  long  periods  and  under  severe  weather 
conditions.  If  these  goals  can  be  achieved,  the  surrounding  la¬ 
goon  environments  will  have  little  or  no  impact  on  waste  treat¬ 
ment  and  lagoon  closure.  If  ideal  treatment  is  not  achieved, 
however,  and  the  stability  of  the  treated  waste  is  questionable, 
environmental  conditions  become  important. 

A  solidified  waste  should  be  placed  in  an  environment  where 
the  physical  and  chemical  integrity  of  the  waste  can  be  main¬ 
tained.  Favorable  environmental  conditions  include  the  follow¬ 
ing: 


(a)  Neutral  pH. 

(b)  Relatively  dry  environment. 

(c)  Moderate  temperatures  with  no  deep  freeze/thaw  action. 
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Enqineered  containment  and  isolation  techniques  can  be  ap¬ 
plied  to  create  a  more  favorable  environment  for  the  ultimate 
disposal  of  fixed  wastes ,  if  such  an  environment  is  not  avail¬ 
able.  These  techniques  can  include  cover/cap  systems,  berms  and 
dikes,  and  qroundwater  diversion,  wnich  are  discussed  in  other 
sections  of  this  report. 

The  cur inq  and  solidification  characteristics  of  the  waste- 
fixinq  aqent  mixture  must  be  compared  to  expected  weather  condi¬ 
tions.  If  cur inq/solidif ication  is  adversely  affected  by  exces¬ 
sive  moisture  (e.g.,  precipitation),  freeze/thaw  conditions,  or 
hiqh  temperature  and  excessively  dry  conditions,  then  special 
controls  and  protection  may  be  required.  This  should  be  assessed 
as  part  of  the  bencn-scale  testinq  proqram.  In  qeneral,  the 
cement-based  and  pozzolanic  techniques  should  not  oe  adversely 
affected  by  normal  weather  conditions  durinq  cur inq. 

In  addition  to  weather  conditions,  the  subsurface  and 
qroundwater  characteristics  of  a  particular  site  must  be  evalu¬ 
ated  for  compatibility  with  the  fixation  process.  For  example, 
hiqh  water  table  conditions  may  result  in  saturation  of  the 
sludqe  in  the  bottom  of  the  basin,  thereby  causinq  excessive 
moisture.  This  condition  would  make  moisture  content  very  dif¬ 
ficult  to  control  durinq  the  fixation  process  and  may  result  in 
poor  lonq-term  stability  if  the  fixation  mixture  is  returned  to 
the  same  laqoon. 

8.2. 2. 3  Other  considerations.  Out-of -laqoon  processinq  of 
laqoon  wastes  may  be  accomplished  by  settinq  up  transportable 
treatment  equipment  at  the  laqoon  site.  A  typical  scenario  for 
treatment  is  shown  on  Fiqure  61.  Waste  is  first  pumped  or  other¬ 
wise  excavated  from  the  laqoon  to  a  holdinq/pr ocess inq  area.  The 
sludqe  is  then  thoroughly  mixed  through  the  processing  equip¬ 
ment.  Within  the  processing  system,  the  sludqe  is  mixed  with 
the  fixinq  agent.  Following  processing,  the  fixed  sludge  is 
returned  to  the  lagoon  or  disposal  area  for  curinq,  solidifica¬ 
tion,  and  ultimate  disposal.  Sampling  and  process  control  would 
be  utilized  to  ensure  acceptable  final  product  quality.  Closer 
process  control  and  a  more  homogenous  mix  can  generally  be 
achieved  with  an  out -of -lagoon  system. 

Safety  is  an  issue  of  primary  concern  for  fixation  process¬ 
ing.  For  example,  in  the  scenario  just  discussed,  remote  sensing 
techniques  would  be  required  to  scan  for  unexploded  ordnance 
prior  to  disturbing  the  lagoon  sediments.  A  coarse  bar  screen 
should  be  used  on  the  intake  end  of  the  pump  to  prevent  any  un¬ 
detected  ordnance  from  entering  the  pump  and  treatment  system, 
and  all  equipment  should  be  operated  via  remote  control. 


i 


In  cases  where  high  concentrations  of  TNT  and  other  explo¬ 
sives  are  present  in  the  waste,  some  fixation  processes  may  not 
be  applicable  to  lagoon  treatment.  Certain  processes  may  subject 
wastes  to  high  shear  and  high  temperatures  that  could  possibly 
cause  detonation.  Little  information  is  currently  available  on 
the  behavior  of  reactive  wastes  under  fixation  processing  plant 
conditions.  Research  in  this  area  is  recommended  to  determine 
precise  safety  and  handling  requirements  for  possible  lagoon 
treatment. 

8.2.3  Process  evaluation  methodology.  Fixation  technologies 
are  evaluated  primarily  on  the  basis  of  three  factors:  compati¬ 
bility  of  the  waste  with  fixation  agents,  results  of  bench-scale 
tests,  and  economic  considerations. 

8.2. 3.1  Waste  compatibility.  Once  the  chemical  composition 
of  the  waste  requiring  treatment  has  been  determined,  a  prelimi¬ 
nary  evaluation  is  made  regarding  waste  compatibility  with  the 
various  fixation  processes.  Processes  that  appear  to  be  suitable 
for  achieving  the  desired  technical  objectives  (e.g.,  delisting, 
solidification)  of  waste  treatment  are  recommended  for  bench- 
scale  laboratory  testing. 

Bench-test  results  --  Due  to  the  propietary  nature  of  many 
fixation  processing  techniques,  bench-scale  tests  are  usually 
performed  by  process  vendors.  Waste  samples  can  be  sent  to  the 
vendor  for  processing,  and  treated  samples  will  be  returned  for 
further  evaluation.  Treated  waste  samples  can  be  evaluated  with 
respect  to  the  degree  of  treatment  achieved.  A  determination 
must  be  made  as  to  whether  or  not  the  waste  can  be  classified  as 
nonhazardous.  if  a  nonhazardous  classification  is  determined, 
the  physical  integrity  and  durability  of  the  waste  should  be  de¬ 
termined. 

The  hazardous  or  nonhazardous  classification  is  dependent  on 
the  following  four  waste  characteristics: 

(a)  ignitability . 

(b)  Corrosivity. 

(c)  Reactivity. 

(d)  EP  toxicity. 

With  the  exception  of  reactivity,  standard  EPA  protocols  for 
hazardous  waste  determination  should  be  used  for  these  sample 
analyses.  The  reactivity  test  protocol  may  include  the  five -tier 
or  eight -tier  tests  now  being  evaluated  by  USATHAMA. 


At  present  no  approved  reactivity  protocol  exists.  However, 
the  Army  five -tier  protocol  can  be  used  to  develop  safety  data, 
and  regulatory  agencies  may  accept  these  data. 

A  determination  of  the  physical  integrity  and  durability  of 
the  waste  must  be  made  to  evaluate  the  long-term  effectiveness 
of  treatment.  No  standard  epa  protocols  exist  for  this  type  of 
determination.  In  lieu  of  better  methods,  some  geotechnical 
physical  property  tests  have  been  used  to  evaluate  product  sta¬ 
bility.  Suggested  standard  tests  are  shown  in  Table  35. 

Economic  considerations  —  The  total  cost  of  fixation  treat¬ 
ment  is  mainly  dependent  on  the  following: 

(a)  Costs  for  laboratory  testing. 

(b)  Equipment  costs. 

(c)  Materials  costs  for  solidification  agents  and 

additives . 

(d)  Labor  costs. 

(e)  Costs  for  energy  usage. 

if )  Fees  for  royalties  for  use  of  patented  treatment  proc¬ 
esses. 

In  general,  the  in-situ  approach  to  fixation  processing, 
when  applicable,  will  be  less  costly  than  out -of-lagoon  proc¬ 
essing  due  to  less  material  handling  steps.  In  addition,  the 
pozzolanic  techniques  may  offer  a  cost  savings  compared  to 
cement -based  techniques  if  a  suitable  source  of  pozzolanic  mate¬ 
rial  is  located  nearby. 

The  results  of  the  bench-scale  tests  are  used  not  only  to 
verify  the  performance  of  the  fixation  process  but  also  to  de¬ 
termine  the  proportions  and  quantity  of  fixation  additives.  This 
information  can  then  be  used  to  estimate  purchase  and  delivery 
costs  for  the  fixation  agents. 

The  relative  costs  for  various  solidification  processes  are 
presented  in  Table  36.  When  assessing  the  overall  total  costs 
for  waste  fixation  and  lagoon  closure,  one  must  consider  the  ad¬ 
ditional  engineering  controls  which  would  have  to  be  included  to 
complete  closure.  These  controls  could  include  a  final  cover/cap 
system,  berms  or  dikes,  and  groundwater  controls. 

8.2.4  Environmental  performance  verification. 

8.2. 4.1  Quality  assurance.  The  primary  responsibility  of 
the  quality  control  officer  during  in-situ  fixation  processing 
is  to  determine  that  all  prespecified  treatment  requirements 
are  met. 
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TABLE  35.  SUGGESTED  GEOTECHNICAL  PHYSICAL  PROPERTY  TESTS 


Parameter  Test 

Unconfined  compressive  strenqth  ASTM  Method  D2166-66 

Wet/dry  duraDility  ASTM  Method  D559-57 

Freeze/ thaw  durability  ASTM  Method  D560-57 

(EPA  1980) 


TABLE  36.  PRESENT  AND  PROJECTED  ECONOMIC  CONSIDERATIONS 
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In  qeneral,  the  quality  assurance  officer  must  monitor  the 
followinq  potential  variables  to  ensure  that  they  are  within  the 
acceptable  ranqes: 

(a)  Sludqe  characteristics  such  as  moisture  content  and 

viscosity  (qrab  samples) . 

(b)  Composition  of  fixinq  aqents  such  as  free  lime  content 

(qrab  samples) . 

(c)  Sludqe  mixinq  or  blendinq  to  achieve  homoqeneity  (if 

needed)  . 

(d)  Mixinq  and  blendinq  of  fixation  aqents  (if  necessary). 

The  quality  control  officer  must  also  ensure  that  the  prede¬ 
termined  proper  ratio  of  waste  to  fixation  aqent  and  additives 
are  used  m  processinq,  and  for  processes  that  are  temperature 
or  moisture  sensitive,  these  variables  must  be  precisely  con¬ 
trolled.  Grao  samples  of  the  waste -f lxation  aqent  mixture  should 
oe  collected  frequently  durinq  the  treatment  process.  Some  of 
these  samples  can  be  used  initially  for  physical  property  test- 
mq  (e.q.,  seven-day  testinq)  wnile  some  samples  should  be  kept 
on  the  site  to  oe  used  for  lonq -term  (e.g.,  28  days  or  lonqer) 
performance  verification.  The  testinq  of  these  mixture  samples 
can  include  those  same  tests  used  durinq  the  bench-scale  test¬ 
inq,  as  discussed  in  subsection  8.2. 3.1. 

8.2.  4. 2  Lonq -term  performance  verification.  After  it  is 
placed  in  its  final  disposal  location,  the  fixed  waste  product 
should  be  disturbed  as  little  as  possible  in  order  to  preserve 
its  physical  inteqrity  and  not  disrupt  the  curing  process. 
Therefore,  any  destructive -type  test  methods  are  discouraqed  for 
long-term  performance  verification.  Alternatively,  nondestruc¬ 
tive  or  remote  methods  are  recommended.  Suggested  test  methods 
include  the  followinq: 

(a)  Visual  inspection. 

(b)  Groundwater  monitor inq. 

(c)  Leach  testinq. 68 

(d)  Physical  property  testinq  of  qrab  samples  collected 

durinq  processinq. 

8.2.5  Application  to  laqoon  waste  treatment.  Solidifies - 
tion/stabilization  is  one  of  the  few  treatment  processes  that  is 
generally  suitable  for  treatinq  complex  wastes.  Most  laqoon 
wastes  have  been  found  to  contain  high  concentrations  of  both 
heavy  metals  and  organic  explosives.  This  combination  of  contam¬ 
inants  tends  to  be  problematic  for  most  conventional  solid  waste 
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treatment  systems.  Systems  desiqned  to  treat  organics  have  lit¬ 
tle  effect  on  inert  metals,  while  treatment  systems  designed  for 
metals  removal  usually  do  not  remove  organics.  Solidification, 
however,  may  be  effective  for  treating  both  organics  and  inor¬ 
ganic  wastes. 

Of  the  fixation  processes  discussed  in  this  report,  cement- 
based,  lime-based  (pozzolanic) ,  and  thermoplastic  techniques  ap¬ 
pear  to  have  the  highest  potential  for  effectively  treating  the 
lagoon  wastes.  In  preliminary  testing  on  lagoon  sediments  with 
a  hiqher  organic  content,  thermoplastic  processing  has  been  su¬ 
perior  to  other  fixation  methods  for  achieving  stabilization  of 
the  waste.  The  leachate  quality  of  processed  wastes  is  better 
than  that  observed  with  other  fixation  processes  (Trieqel, 
1983) .  The  advantages  and  disadvantages  of  thermoplastic  solidi¬ 
fication  for  lagoon  treatment  are  presented  in  Table  32. 

Thermoplastic  solidification  appears  to  be  a  viable  option 
for  in-situ  lagoon  treatment,  therefore,  further  research  and 
development  in  this  area  is  recommended. 

Research  is  also  recommended  to  characterize  the  explosivity 
of  laqoon  wastes  with  respect  to  TNT  concentration.  Sludge  han¬ 
dling  guidelines  must  be  established  so  that  lagoon  wastes  can 
be  processed  and  treated  in  a  safe  manner. 

Where  "stabilization"  is  the  major  objective,  the  cement 
and  lime -based  techniques  would  be  more  applicable  to  those 
lagoons  containing  waste  with  a  low  organic  content.  For 
strictly  solidification,  these  techniques  could  be  applied  to 
wastes  with  higher  organic  content. 

The  cement-  and  lime-based  techniques  offer  a  potential  cost 
savings  as  compared  to  the  thermoplastic  method.  Further  re¬ 
search  and  development  of  the  cement-  and  lime-based  techniques 
is  recommended  to  more  closely  define  the  acceptable  ranges  in 
waste  composition  and  characteristics  as  it  relates  to  product 
characteristics  (e.g.,  leachability ,  strength,  etc.). 
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8.3  Chemical,  biological  and  physical  treatment.  Several 
companies  are  currently  under  contract  to  USATHAMA  to  identify 
chemical,  biological,  and  physical  methods  of  treatinq  explosive 
wastes.  The  processes  evaluated  in  these  preliminary  studies 
that  may  have  applicability  for  in- situ  laqoon  treatment  and 
closure  are  addressed  briefly  in  the  subsections  that  follow. 
These  processes  could  be  used  to  improve  the  characteristics  of 
the  waste  prior  to  in-situ  closure.  A  waste  could  be  rendered 
nonreactive  or  nonleachable  prior  to  in-situ  closure,  which 
would  be  beneficial  from  a  regulatory  approval  and  environmental 
standpoint. 

8.3.1  Chemical  treatment.  Chemical  treatment  processes 
that  have  been  identified  as  potentially  suitaole  for  treatinq 
explosive  wastes  include  the  following  (Benecke  et  al.,  1983): 

(a)  Sulfur-based  reduction. 

(b)  Sodium  borohydride  reduction. 

(c)  Base -initiated  decomposition. 

(d)  Reductive  cleavaqe. 

(e)  Chemically-initiated  free  radical  treatment. 

Each  process  is  summarized  in  the  subsections  that  follow. 

8. 3.1.1  Sulfur-based  reduction.  The  explosive  contaminants 
commonly  found  in  laqoon  wastes  are  all  orqanic  compounds  with 
one  or  more  nitro  qroups  (R-NO2) .  Their  structures  are  illus¬ 
trated  on  Fiqure  6  2. 

Sulfur-based  reducinq  agents,  including  sodium  sulfide,  so¬ 
dium  Disulfide,  and  sodium  metabisuif ide,  can  be  used  to  reduce 
the  nitro  qroups  on  these  explosives  to  amino  qroups  (R-NH2) , 
yielding  nonexplosive  amino  compounds  (Benecke  et  al. ,  1983). 

The  reaction  chemistry  is  shown  on  Fiqure  63. 

When  treated  as  just  described,  some  explosives  yield  com¬ 
pletely  innocuous  compounds.  Nitroqlycer ine  and  nitrocellulose, 
for  example,  yield  glycerol  and  cellulose,  respectively.  TNT, 
DNT,  and  tetryl,  on  the  other  hand,  yield  aromatic  amines  (R-CN; 
R-NH)  which  are  nonexplosive,  but  toxic  compounds  (Benecke  et 
al.,  1983)  . 
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Source:  Benecke  et  al„  1983 


Figure  63.  Sutfur-besed  reduction  of  explosive*. 


While  sulfur-based  reduction  can  be  a  useful  technique  to 
treat  some  pure  explosives,  its  use  for  lagoon  treatment  may  be 
limited  due  to  the  complex  and  sometimes  heterogeneous  nature  of 
lagoon  wastes.  Toxic  amines  are  formed  from  the  reduction  of 
TNT,  other  nitro  aromatics,  and  nitramines  explosives;  the  reac¬ 
tion  products  and  by-products  of  other  lagoon  compounds  are 
largely  unknown.  Therefore,  the  process  will  have  limited  appli¬ 
cability  for  final  lagoon  treatment  and  closure. 

The  advantages  and  disadvantages  of  sulfur-based  reduction 
of  lagoon  sediments  are  outlined  in  Table  37. 

8. 3. 1.2  Sodium  borohydnde  reduction.  Aqueous  solutions 
of  sodium  borohydride  may  be  used  with  a  cobalt  catalyst  to  re¬ 
duce  explosives  to  nonexplosive  compounds.  RDX,  ttlX,  and  nitro- 
guaridine  are  reduced  to  hydrazines.  TNT,  2,4  DNT,  and  tetryl 
are  reduced  to  aromatic  amines  or  derivatives,  and  nitrocellu¬ 
lose  and  nitroglycerine  will  yield  nitrogen-free  products  (Ben- 
ecke  et  al.,  1983).  The  chemical  reactions  are  shown  as  follows: 

NaBH4 

R2NN02  (RDX,  FMX) - ►  R2NNH2 

Alpha  TNT,  NaBH4  Aromatic  amines 

2,4-DNT,  .  . . — .  — . »■  or  derivatives 

and  tetryl  Co(py)3  +3 

NaBH4  h20 

NC  - ►  - ►Product  which  is  nitrogen  free 

Acetone 

Source:  Benecke  et  al . ,  1983. 

Sodium  oorohydride  treatment  is  thought  to  have  about  the 
same  degree  of  applicability  to  lagoon  treatment  and  closure  as 
does  sulfur-based  reduction  treatment.  The  two  treatment  proc¬ 
esses  yield  very  similar  results.  The  advantages  and  disadvan¬ 
tages  of  sodium  borohydride  treatment  are  shown  in  Table  38. 
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TABLE  37.  SUMMARY  EVALUATION  OF  SULFUR-BASED  REDUCTION 
TREATMENT  OF  LAGOON  SEDIMENTS 


Advantages 

1.  All  explosives  of  concecn  are  reduced  to  nonexplosive 
compounds . 

2.  Nitrate  ester  explosives  (e.q.,  nitroglycerine  and  ni¬ 
trocellulose)  yield  nontoxic  products. 

3.  Reduction  reactions  are  very  rapid  and  nearly  quantita¬ 
tive. 

4.  Treatment  reaqents  are  inexpensive. 

Disadvantages 

1.  Toxic  (but  nonexplosive)  products  are  formed  from 
nitro  aromatic  and  nitramine  explosives;  e.q.,  TNT, 
tetryl,  DNT  are  reduced  to  aromatic  amines  and  mixed 
nitro  amines;  and  RDX  and  EMX  are  reduced  to 
hydrazines. 

2.  By-products  formed  from  nonexplosive  laqoon  constitu¬ 
ents  are  unknown. 

3.  Sulfur-based  reductants  and  their  reaction  products 
give  off  noxious  odors. 


TABLE  38.  SUMMARY  EVALUATION  OF  SODIUM  BOROHYDRIDE  TREATMENT 
OF  LAGOON  SEDIMENTS 


Advantages 

1.  Most  explosives  are  reduced  to  nonexplosive  compounds. 

2.  Sodium  borohydride  treatment  does  not  produce  the  nox¬ 
ious  sulfur  gases  that  are  reaction  products  of  sulfur- 
based  reductions. 

Disadvantages 

1.  Toxic  aromatic  amines  may  be  produced  by  the  reduction 
of  nitro  aromatic  explosives ,  such  as  TNT*  DNT,  and 
tetryl. 

2.  Toxic  hydrazines  are  produced  from  the  reduction  of 
RDX  and  iMX. 

3.  The  cobalt  salt  catalyst  required  for  the  reaction  may 
be  considered  a  hazardous  material  and,  therefore,  re¬ 
quires  proper  disposal. 

4.  Sodium  borohydride  will  slowly  hydrolyze  in  water. 
Therefore,  significant  amounts  of  reagents  may  be  re¬ 
quired  for  treatment. 
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8. 3. 1.3  Base-initiated  decomposition.  A  wide  ranqe  of  ex¬ 
plosives  can  be  effectively  decomposed  when  treated  with  stronq 
basic  solutions  (Benecke  et  al.,  1983).  Reaction  products  are 
nonexplosive  and  mainly  nontoxic,  however,  some  toxic  compounds 
are  produced.  Typical  reactions  are  shown  as  follows: 

OH" 

RDX,  »1X - ►CH^,  N2O,  NH3,  N2,  HC02" 

OH" 

NG - ►CH3002",  HC02",  N03",  N02" 

OH" 

NC - ►  orqanic  acids,  N03“,  N02",  NO*",  00x,  cyanides 

OH" 

NGu - ►  N^,  002,  NH3 

Source:  Benecke  et  al. ,  1983. 

The  principal  advantaqes  and  disadvantaqes  of  treatment  of 
laqoon  wastes  with  basic  solutions  are  listed  in  Table  39. 

8. 3. 1.4  Reductive  cleavaqe.  Nitrate  esters  and  nitramine 
explosives  are  known  to  underqo  a  reductive  cleavaqe  of  nitro 
qroups  in  the  presence  of  zinc  dust  and  an  orqanic  solvent.  The 
result inq  products  are  nonexplosive  and  possibly  nontoxic  com¬ 
pounds  (Benecke  et  al.,  1983).  The  postulated  reaction  chemistry 
is  shown  as  follows: 

Nitrate  esters 

Zn 

(NG)  R0N02 - ►  RO"  +  Zn+2  +  N02 

Nitr amines 

Zn 

(RDX,  «X)  -N-N02 - ► -N"  +  Zn+2  +  N02 

1  1 


Source:  Benecke  et  al.,  1983. 
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TABLE  39.  SUMMARY  EVALUATION  OF  BASE -INITIATED  TREATMENT 

OF  LAGOON  SEDIMENTS 


Advantages 

1.  Decomposition  reactions  are  relatively  rapid  and  effec¬ 
tive. 

Disadvantages 

1.  Some  toxic  products  are  produced. 

2.  The  nighly  basic  solutions  required  for  the  reaction 
will  require  special  safety  and  handling  procedures. 

3.  When  present,  heavy  metals  may  oe  leached  from  lagoon 
wastes  by  strong  basic  solutions. 

4.  The  reaction  is  not  controllable  for  wastes  with  high 
TNT  concentrations.  Explosion  may  result. 


The  advantaqes  and  disadvantages  of  reduction  cleavage  chem¬ 
ical  treatment  are  outlined  in  Table  40. 

8.3. 1.5  Chemically-initiated  free  radical  treatment.  Cer¬ 
tain  explosives  are  known  to  decompose  when  attacked  by  hydroxyl 
tree  radicals  (Andrews,  1980).  Chemically  initiated  free  radical 
treatment  is  a  possible  treatment  scheme  conceptualized  by  Bat- 
telle  (Benecke  et  al.,  1983)  in  which  chemically -generated  hy¬ 
droxyl  radicals  are  predicted  to  initiate  the  decomposition  of 
explosives.  Hydroxyl  radicals  can  be  readily  generated  by  Pen- 
ton's  reagent,  which  is  a  solution  of  ferrous  salts  in  aqueous 
hydrogen  peroxide.  Free  radicals  generated  from  Fenton's  reagent 
are  predicted  to  decompose  explosives  completely  to  CO2  and 
ammonia.  The  postulated  reaction  is  as  follows: 

Fenton's  reagent 

H2O2  +  Fe+2 - ►  Fe+3  +  OH"  +  OH 

OH  +  RDX,  HHX,  TNT,  DNT — ►Unstable  intermediates — ►Small, 

gaseous  compounds 

Source:  Benecke  et  al. ,  1983. 

The  potential  advantages  and  disadvantages  of  chemically- 
initiated  free  radical  treatment  are  shown  in  Table  41. 

8. 3.1.6  Applicability  of  chemical  treatment  to  lagoon  clo¬ 
sure.  The  chemical  treatment  processes  briefly  described  in  the 
previous  subsections  all  have  the  potential  applicability  for 
desensitization  of  explosive  wastes.  These  processes  are  effec¬ 
tive  for  desensitizing  explosives  to  nonexplosive,  but  not  nec¬ 
essarily  nonhazardous  or  nontoxic  forms. 

The  use  of  these  processes  in  lagoon  closure  plans  is, 
therefore,  somewhat  limited  since  the  ultimate  goal  of  waste 
treatment  in  lagoon  closure  is  to  render  wastes  not  only  nonex¬ 
plosive,  but  also  nonhazardous. 

Pretreatment  applications  for  chemical  treatment,  however, 
are  feasible.  Chemical  treatment  can  be  utilized  to  pretreat  and 
desensitize  lagoon  wastes  prior  to  further  processing.  The  ex¬ 
plosive  nature  of  untreated  lagoon  wastes  limits  the  number  of 
viable  alternatives  for  in-situ  closure  of  lagoons  containing 
explosive  wastes.  If  desensitization  of  lagoon  wastes  can  be  ac¬ 
complished  through  chemical  pretreatment,  various  engineering 
alternatives  can  be  considered  for  in-situ  closure  plans  that 
previously  would  nave  to  be  eliminated  due  to  potential  hazards 
involved  with  handling  and  treating  explosive  wastes.  Therefore, 
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TABLE  40.  SUMMARY  EVALUATION  OF  LAGOON  SEDIMENT  TREATMENT  BY 
REDUCTION  CLEAVAGE 


Advantages 

1.  Nonexplosive  products  are  produced  from  some  explo¬ 
sives. 

Pi sadvantages 

1.  Treatment  must  Oe  contained  in  a  closed  system  to  re¬ 
cover  nazardous  organic  solvents  used  in  the  reaction. 

2.  The  applicability  of  the  reaction  to  nitro  aromatics 
such  as  TNT,  DNT,  and  tetryl  is  not  known. 


3 


Some  reaction  products  may  be  toxic 


TABLE  41.  SUMMARY  EVALUATION  OF  CHEMICALLY-INITIATED  FREE 
RADICAL  TREATMENT  OF  LAGOON  WASTES 


Advantages 

1.  A  relatively  hiqn  concentration  of  reactive  free  radi¬ 
cals  can  be  produced. 

2.  Complete  explosives  destruction  to  CO2  and  NH3  is 
predicted.  Therefore,  tne  generation  of  toxic  com¬ 
pounds  as  a  oy-product  of  the  reaction  is  not  antici¬ 
pated. 

Disadvantages 

1.  The  process  is  unproven. 

2.  Fenton's  reaction  is  usually  performed  in  aqueous  solu¬ 
tions  in  which  explosives  have  low  solubility. 

J.  The  effects  of  the  process  on  lagoon  contents  other 

than  explosive  compounds  are  unknown. 
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chemical  treatment  is  recommended  as  a  possible  initial  pre- 
treatment  step  to  be  followed  by  additional  processing  such  as 
fixation  or  other  physical-chemical  treatment,  and  ultimately 
m-situ  closure  construction. 

8.3.2  Physical  treatment.  Atlantic  Research  Corporation 
(Wentsel  et  al. ,  1981)  and  Battelle  (Benecke  et  al. ,  1983)  eval¬ 
uated  several  physical  processes  for  treatinq  explosive  laqoon 
sediments.  The  most  promising  of  the  processes  that  were  evalu¬ 
ated  are  briefly  described  in  the  following  subsections.  The 
numerous  physical  treatment  processes  available  to  treat  nonex¬ 
plosive  waste  materials  are  not  addressed  in  this  report. 

8.3. 2.1  Physically -induced  tree  radical  decomposition  of 
explosives.  Free  radical  decomposition  of  explosives  can  be  in¬ 
duced  by  physical  as  well  as  chemical  means.  Physical  methods 
that  may  oe  used  to  qenerate  free  radicals  include  (Wentsel  et 
al. ,  1981;  Benecke  et  al. ,  1983): 

(a)  Gamma  irradiation. 

(b)  Electron  beam  processing. 

(c)  UV  pnotolysis. 

Once  free  radicals  have  been  generated,  the  free  radical  at¬ 
tack  and  consequent  decomposition  of  explosives  is  thought  to 
proceed  exactly  as  described  in  subsection  8. 3. 1.5,  "Chemically- 
Initiated  Free  Radical  Treatment."  The  postulated  reaction 
chemistry  is  as  follows: 


►  •  OH 


Hydrogen  peroxide 


OH  +  Explosives - ►Unstable - +  NH3 

intermediates 

Source:  Benecke  et  al.,  1983. 

Free  radical  generation  by  each  of  the  three  mentioned  meth¬ 
ods  is  discussed  in  the  paragraphs  that  follow,  along  with  the 
primary  advantages  and  disadvantages  of  each  process. 
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Gamma  irradiation  --  In  the  gamma  irradiation  treatment 
process,  gamma -emitting  radio  isotopes  such  as  cesium-137  and 
cobalt-60  are  used  to  generate  hydrogen  ion  radicals  from  water 
or  aqueous  solutions  of  explosives.  Free  radical  attack  and  de¬ 
composition  of  the  explosives  then  takes  place  (Wentsel  et  al., 
lyai) . 

A  summary  evaluation  of  gamma  irradiation  for  lagoon  sedi¬ 
ment  treatment  is  presented  in  Table  42. 

Electron  beam  processing  --  Free  radicals  may  be  generated 
by  bombarding  a  material  with  high  energy  electrons.  This  proc¬ 
ess  has  oeen  proven  as  a  sludge  disinfection  process  and  may  be 
effective  for  treating  aqueous  solutions  of  explosives  (Wentsel 
et  al.,  1981).  The  anticipated  advantages  and  disadvantages  of 
electron  beam  processing  as  presented  by  Wentsel  et  al.  (1981) 
are  shown  in  Table  43. 

Ultraviolet  photolysis  --  Ultraviolet  radiation  has  been 
shown  to  cause  free  radical-initiated  decomposition  of  a  variety 
of  explosives  in  aqueous  solutions  in  the  presence  of  acetone  or 
hydroqen  peroxide  (Andrews,  1980).  The  advantages  and  disadvan¬ 
tages  of  treatment  by  ultraviolet  photolysis  are  summarized  in 
Table  44. 

8.3. 2. 2  Thermal  treatment.  Battelle  (Benecke,  1983)  has 
extensively  studied  thermal  degradation  of  explosives.  The  re¬ 
sults  of  the  Battelle  studies  indicate  that  in  general,  rela¬ 
tively  mild  temperatures  (150-300°C)  and  short  periods  of 
time  (1  day)  are  required  to  decompose  the  explosives  of  concern 
to  primarily  gaseous  and  volatile  compounds.  Figures  64,  65  and 
66  show  the  time  and  temperatures  required  for  decomposition  of 
explosives.  Decomposition  products  are  listed  in  Table  45. 

Thermal  treatment  processes  considered  to  be  viable  alterna¬ 
tives  for  m-situ  lagoon  treatment  and  closure  include  wet  air 
oxidation  and  incineration  (Wentsel  et  al. ,  1981) . 
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TABLE  42.  SUMMARY  EVALUATION  OF  GAMMA  IRRADIATION  FOR  LAGOON 
SEDIMENT  TREATMENT  (Adapted  from  Wentsel  et  al.  , 
1981) 


Advantages 

1.  Some  data  on  use  of  qamma  irradiation  explosives  waste 
treatment  exists. 

2.  The  process  has  relatively  low  capital  and  operating 
costs . 

3.  No  major  air  emissions  are  expected. 

4.  Dilution  of  sediments  to  form  an  aqueous  stream  is  not 
required . 

Disadvantages 

1.  Data  on  use  of  qamma  irradiation  for  degradation  of 
hiqh  concentrations  of  explosives  are  not  available. 

2.  Degradation  products  are  not  known.  Some  toxics  may  be 
produced. 

3.  Reaction  rates  are  not  known. 


02 
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TABLE  43.  SUMMARY  EVALUATION  OF  ELECTRON  BEAM  PROCESSING  FOR 
LAGOON  SEDIMENT  TREATMENT 


Advantages 

1.  Treatment  equipment  is  hiqhly  developed.  The  process 
has  been  used  for  sewage  sludqe  treatment  and  disinfec¬ 
tion. 

2.  Treatment  equipment  is  reliable  and  has  few  maintenance 
requirements . 

3.  Treatment  has  relatively  low  operating  and  maintenance 
costs . 

4.  Treatment  should  not  produce  major  air  emissions. 

Disadvantages 

1.  The  data  case  for  destruction  of  explosives  or  toxic 
materials  with  electron  beam  processing  is  limited. 

2.  Potential  hazards  associated  with  treating  explosives 
are  not  Known. 

3.  Degradation  products  and  degradation  rates  are  not 
known . 

4.  Processing  requires  dilution  of  the  sediment  so  that 
the  material  can  be  treated  as  an  aqueous  stream. 
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TABLE  44. 


SUMMARY  EVALUATION  OF  ULTRAVIOLET  PHOTOLYSIS  FOR 
LAOOON  SEDIMENT  TREATMENT  (Adapted  £rom  Wentsel 
et  al. ,  1981) 


Advantages 

1.  Explosives  in  the  parts  per  million  levels  in  aqueous 
solutions  have  been  successfully  degraded. 

2.  No  major  air  emissions  result  from  treatment. 

Disadvantages 

1.  Treatment  capital  and  operating  costs  are  relatively 
high. 

2.  No  data  exist  for  ultraviolet  treatment  of  explosives 
in  concentrated  forms  (i.e.,  greater  than  the  ppm  con¬ 
centrations)  . 

3.  Full-scale  treatment  systems  are  generally  not  trans¬ 
portable. 

4.  Dilution  of  sediment  to  produce  an  aqueous  stream  is 
required. 


] 

[ 
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Figure  64.  Time  vereus  temperature  for  RDX,  HMX,  lead 

atyphnate  and  lead  azide  thermal  decompoeWon. 
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Source:  Benecke  et  al.,  1983 

Figure  66.  Time  vereue  temperature  for  TNT,  2, 4-DNT, 

2, 6-DNT,  and  tetryi  thermal  docompoeltion. 


TABLE  45.  THERMAL  DECOMPOSITION  OF  EXPLOSIVES 


Wet  air  oxidation  --  Wet  air  oxidation  is  a  process  designed 
to  oxidize  organic  wastes  under  high  temperatures  and  pressures 
to  CO  2»  H2O,  and  inorganics.  The  principal  components  of  a 
wet  air  oxidation  system  are  a  high  pressure  pump,  heat  ex¬ 
changer,  air  compressor,  and  a  reactor.  Aqueous  organic  waste 
slurries  are  pumped  through  a  heat  exchanger  and  then  into  the 
reaction  vessel  where  compressed  air  is  added.  Oxidation  occurs 
in  the  reactor  at  temperatures  ranging  from  177  to  320°C  and 
pressures  of  1,000  to  1,800  pisa.  Catalysts  may  be  added  to  en¬ 
hance  the  oxidation  reaction.  After  being  oxidized,  the  slurry 
is  passed  through  the  heat  exchanger  and  cooled;  gases  are  then 
stripped  from  the  product  stream,  and  waste  ash  is  separated. 
The  gases  are  treated  prior  to  release,  generally  using  a  scrub¬ 
ber  system. 

The  wet  air  oxidation  process  was  evaluated  by  the  Atlantic 
Research  Corporation  (Wentsel,  et  al.  ,  1881)  for  treatment  of 
explosive  sediments.  The  findings  of  this  study  are  summarized 
in  Table  46. 

Incineration  --  Oxidation  of  explosives  wastes  by  incinera¬ 
tion  is  considered  an  effective  means  of  treating  lagoon  sedi¬ 
ments  (Wentsel  et  al.,  1981).  A  summary  of  Wentsel's  (1981) 
evaluation  of  incineration  is  presented  in  Table  47. 

8.3.3  Biological  treatment.  A  USATHAMA-contr acted  litera¬ 
ture  review  was  completed  in  1980  by  Atlantic  Research  Corpora¬ 
tion  (isbister  et  al.,  1980)  to  evaluate  the  efficacy  of  using 
biological  treatment  to  degrade  explosives-contaminated  lagoon 
sediment.  Since  1980,  further  research  in  the  area  of  explosives 
biodegradation  has  been  conducted  by  microbiologists  at  Natick 
Laboratories  (Dr.  D.L.  Kaplan,  Dr.  A.M.  Kaplan,  and  Dr.  Neil  G. 
McCormick).  The  information  that  follows  is  a  synopsis  of  the 
Atlantic  Research  Corporation  literature  review  and  the  results 
of  more  recent  biodegradation  studies  (Kaplan,  1982;  McCormick, 
1981).  Biological  treatment  for  lagoon  closure  may  be  employed 
in  a  landfarming -type  approach,  or  alternatively,  in  a  con¬ 
trolled  reactor. 

8.3. 3.1  Reported  results  of  explosives  biodeqradation  stud¬ 
ies. 


DNT  --  2,4,-DNT  is  degraded  relatively  rapidly  by  mixed  mi¬ 
crobial  populations  with  complete  mineralization  occurring  with¬ 
in  1  week.  With  pure  microbial  cultures,  transformation  (without 
ring  cleavage)  rather  than  mineralization  takes  place,  yielding 
some  toxic  amino  and  azoxy  compounds. 

2, 6 -DNT  has  not  been  successfully  biodegraded. 
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TABLE  46. 


SUMMARY  EVALUATION  OF  WET  AIR  OXIDATION  FOR 
EXPLOSIVE  SEDIMENT  TREATMENT  (Adapted  from 
Wentsel  et  al.,  1981) 


Advantages 

1.  Wet  air  oxidation  has  been  evaluated  in  bench-scale 
tests  tor  handling  hiqh  levels  of  explosives.  The  proc¬ 
ess  has  been  shown  to  be  effective  on  slurries  of  solid 
propellants  and  explosives  in  solution.  Degradation  of 
explosives  in  the  96  to  99  percent  removal  ranqe,  based 
on  COD  reductions ,  has  been  achieved. 

2.  Heavy  metals  concentrations  do  not  hinder  treatment. 
Metals  are  volatilized  in  the  treatment  process  and 
are  effectively  removed  by  scrubbers  in  the  gas  treat¬ 
ment  train. 

Disadvantages 

1.  Wet  air  oxidation  is  considerably  more  costly  than 
other  physical  treatment  processes.  Relatively  high  op¬ 
eration  and  maintenance  costs  are  anticipated.  Sediment 
may  build  up  in  the  reactor. 

2.  Treatment  equipment  is  larqe  and  difficult  to  trans¬ 
port. 

3.  Dilution  of  the  sediment  to  produce  an  aqueous  stream 
is  required. 

4.  Post-treatment  of  gases  is  required. 

5.  Ash  resulting  from  treatment  may  be  high  in  heavy  met¬ 
als  and,  therefore,  dictates  special  disposal  require¬ 
ments. 
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TABLE  47.  SUMMARY  EVALUATION  OF  INCINERATION  FOR  LAGOON 
SEDIMENT  TREATMENT 


Advantages 

1.  Incineration  has  oeen  proven  at  the  bench-  and  pilot- 
scale  levels  for  effective  degradation  of  high  concen¬ 
trations  of  propellants  and  explosives. 

2.  Transportable  treatment  equipment  is  viable. 

3.  No  sediment  dilution  is  necessary. 

Disadvantages 

1.  Metals  in  the  sediment  may  produce  air  pollutants.  Air 
pollution  abatement  devices  are,  therefore,  necessary. 

2.  Hiqh  downtime  and  maintenance  costs  are  anticipated. 

3.  Dewatering  of  wastes  may  be  required. 
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RDX  --  RDX  is  deqraded  very  slowly  by  mixed  populations  of 
aerobic  microbes;  anaerobic  deqradation  takes  place  at  a  rapid 
rate.  The  anaerobic  conversion  ot  RDX  takes  place  via  denitrifi¬ 
cation  pathways  resultinq  in  the  production  of  f ormalaehyde, 
methanol,  nitroqen,  and  hydrazines. 

2,4, 6- TNT  --  TNT  has  been  found  to  oe  only  partially  biode- 
qradable  both  aerobically  and  anaerobically,  with  transformation 
rather  than  mineralization  occurring.  No  evidence  has  been  found 
tor  r inq  cleavaqe.  Transformation  products  produced  include  some 
toxic  compounds. 

8.3. 3. 2  Applicability  of  oioloqical  processes  to  laqoon 
sediment  treatment.  The  main  problem  experienced  with  bioloqi- 
cal  deqradation  of  explosives  is  that  of  incomplete  deqradation; 
most  bioloqical  processes  fail  to  achieve  nnq  cleavaqe  of  the 
explosive  molecules,  thereby  producinq  deqradation  products  that 
are  as  potentially  harmful  as  the  explosives  themselves.  Typical 
deqradation  products  include  the  following: 

(a)  2,5-dinitrotoluene 

(b)  3,5-dinitrotoluene 

(c)  2,4-dinitrotoluene 

(d)  3 ,4 ,6-tr initroethylbenzene 

(e)  2,6-dinitrotoluene 

(f)  2, 4 ,6-tr initrobenzaldehyde 

(q)  2 ,4 , 6-tr initrobenzyl  alcohol 

(h )  2, 4 ,6-tr initr obenzoic  acid 

(i)  2,4 ,6-trinitrophenol 

(j )  4-amino-2,  6-dinitrotoluene 

(k)  2,4-diamino-6-nitrotoluene 

(l )  4-hydroxylamine-2, 6-dinitrotoluene 

(m)  2, 2' ,6 ,6 ' -tetranito-4 ,4' -azoxy toluene 

(n)  4,4’,b,6,-tetranitro-2,2l  -azoxy  toluene 

(o)  All  isomers  of  din itrophenols 

(p)  Hydrazines  (Osmon  and  Andrews,  1978) 

Until  nnq  cleavaqe  and  complete  mineralization  of  explo¬ 
sives  nas  been  achieved,  bioloqical  treatment  will  have  limited 
applicability  for  laqoon  waste  treatment. 

The  advantaqes  and  disadvantages  of  bioloqical  treatment  of 
laqoon  wastes  is  summarized  in  Table  48. 
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TABLE  48.  SUMMARY  EVALUATION  OF  BIOLOGICAL  PROCESSING  FOR 
LAGOON  SEDIMENT  TREATMENT 


Advantages 


Biological  processing  is  relatively  inexpensive. 

Under  proper  conditions,  explosives  can  be  biodegraded 
to  nonexplosive  forms. 

Disadvantages 

Some  toxic  end  products  are  produced  by  biodegradation 
of  certain  explosives. 

Hign  concentrations  of  metals,  if  present,  are  toxic 
to  microorganisms  and  will  hinder  Diological  treat¬ 
ment.  Also,  metals  will  not  be  effectively  treated  by 
biological  processing. 


rapsi 


8.3. 3. 3  Biodegradation  by  genetically-engineered  or  con¬ 
ditioned  microbes.  Recent  advances  in  the  field  of  genetic  en¬ 
gineering  nave  shown  that  biodegradation  of  normally  recalci¬ 
trant  compounds  has  been  accomplished  through  bioengineering 
(WGBH,  iy82)  .  Dr.  Chackrabarty,  a  recognized  leader  in  the  bio¬ 
engineering  field,  working  at  the  IMiversity  of  Illinois  Chicago 
Medical  Center,  has  successfully  grown  microbes  that  degrade 
toxic  wastes.  Dr.  Chackrabarty  created  the  "oil  eating"  bacter¬ 
ia  that  was  subject  of  the  landmark  Supreme  Court  ruling  which 
led  to  the  first  patenting  of  a  life  form.  One  of  his  more  re¬ 
cent  accomplishments  is  the  successful  biodegradation  of  the 
defoliant  2,4-D  through  bioengineering. 

In  his  work  with  2,4-d,  Dr.  Chackrabarty  collected  samples 
ot  2,4-D  leachate  from  toxic  waste  dumps  that  contained  thriving 
microbial  populations.  These  microbes  were  cultured  in  the  lab¬ 
oratory.  Plasmids  from  other  strains  of  microbes  known  to  break 
down  toxics  similar  in  structure  to  2,4-D,  but  incapable  of 
creaking  down  2,4-D,  were  added  to  the  growing  microbes.  Slowly, 
the  culture  in  the  medium  was  changed  so  that  the  only  carbon 
source  available  to  the  microbes  was  2,4-D.  The  result  ot  this 
procedure  is  that  initially  most  ot  the  microbes  die,  but  those 
that  do  survive  are  able  to  break  down  2,4-D  and  grow  and  multi¬ 
ply  while  degrading  2,4-D. 

The  efficacy  of  using  techniques  such  as  those  employed  by 
Dr.  Chackrabarty  to  engineer  a  microbe  to  deqrade  DNT  and  TNT  is 
larqely  unknown.  However,  based  on  the  experience  of  Dr.  Chack- 
rabarty  working  with  other  recalcitrants,  the  possibility  of 
success  should  not  be  eliminated. 

It  is  anticipated  that  research  in  this  field  will  be  costly 
and  time  consuming  so  that  degradation  throuqh  bioengineering 
may  not  be  a  feasible  alternative  for  immediate  projects.  How¬ 
ever,  this  alternative  should  not  be  eliminated  from  considera¬ 
tion  tor  use  on  future  projects. 

Poly-Bac  Inc.  is  presently  experimenting  with  biodegradation 
of  explosive  sediments.  Results  are  expected  in  the  near  future 
(Johnson ,  18  83)  . 

8.3.4  Summary.  A  summary  evaluation  of  treatment  alterna¬ 
tives  for  in-situ  lagoon  treatment  and  closure  is  presented  in 
Table  49.  Performance  categories  for  evaluation  include  the  fol¬ 
lowing  : 

(a)  State  ot  technology  development. 

(b)  Cost  ot  treatment. 
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TABLE  49.  SUMMARY  EVALUATION  OF  TREATMENT  ALTERNATIVES  FOR 
IN-SITU  LAGOON  TREATMENT  AND  CLOSURE 


Alternative 

State 

of 

tech¬ 

nology 

devel¬ 

opment 

Cost 

of 

treat¬ 

ment 

Avail¬ 

ability 

of 

trans¬ 

portable 

proc¬ 

essing 

equipment 

Effective¬ 
ness  for 
desen¬ 
sitizing 
explosives 
(desensi¬ 
tization 
to  non¬ 
explosive 
products) 

Effective¬ 
ness  for 
treating 
explosives 
(treatment 
to  non- 
explosive, 
nontoxic 
products) 

Effective¬ 
ness  for 
treating 
composite 
lagoon 
wastes, 
including 
heavy 

metals,  and 
other  non¬ 
explosive 
lagoon 

constituents 
(treatment 
to  non¬ 
explosive, 
nontoxic 
products) 

Chemical  treatment 

Sulfur-based  reduction 

o 

o 

•  A 

•  a 

Oa 

II 

Sodium  borohydride  reduction 

o 

©A 

•  a 

•  a 

©a 

II 

Base-initiated  decomposition 

o 

0  a 

•  a 

•  a 

©A 

II 

Reductive  cleavage 

o 

O  A 

•  a 

II 

©A 

II 

Chemically -initiated 

free  radical  treatment 

o 

O  A 

•  a 

•  A 

•  A 

II 

Physical  treatment 

Gamma  irradiation 

© 

O  A 

Oa 

•  a 

II 

II 

Electron  beam  processing 

© 

Oa 

• 

II 

II 

II 

Ultraviolet  photolysis 

© 

• 

0 

© 

II 

II 

wet  air  oxidation 

• 

• 

© 

•  A 

•a 

•  A 

(with  air  emissions  control) 

Incineration 

• 

© 

© 

•  a 

•  a 

©A 

(with  air  emissions  control) 

Biological  treatment 

Biodegradation 

• 

0 

• 

© 

Oa 

OA 

52Y 


O  Low 
Q  Medium 
•  High 

A  Anticipated  --  for  undeveloped  processes. 

II  insufficient  information  available  to  make  a  determination. 


(c)  Availability  of  mobile  processinq  equipment. 

(d)  Effectiveness  for  desensitizing  explosives  (desensiti¬ 

zation  to  nonexplosive  products). 

(e)  Effectiveness  for  treatinq  explosives  (treatment  to 
nonexplosive,  nontoxic  products). 

(f)  Effectiveness  for  treatinq  composite  laqoon  wastes,  in¬ 

cluding  heavy  metals  and  other  nonexplosive  laqoon 
constituents  (treatment  to  nonexplosive,  nontoxic 
products) . 

Alternatives  are  rated  low,  medium,  or  hiqh  in  each  of  these 
cateqor ies . 

8.4  Limitations .  various  processes  exist  that  may  have 
benefits  for  improving  waste  characteristics  or  desensitizing 
laqoon  contents.  Some  limitations  of  waste  treatment  and  proc¬ 
essing  technology  include  the  following: 

(a)  Many  of  the  treatment  processes  have  not  been  demon¬ 

strated  in  full-scale  operations.  Some  of  the  proced¬ 
ures  have  been  demonstrated  in  the  laboratory  in 
bench-scale  using  pure  materials.  The  applicability 
and  performance  of  such  processes  to  treat  waste 
materic.ls  in  laqoons,  however,  remains  questionable. 

(b)  The  cost  of  full-scale  implementation  of  such  process¬ 

es,  as  well  as  the  lack  of  availability  of  commercial 
full-scale  equipment  may  limit  the  applicability  of 
some  treatment  processes. 

(c)  Technical  limitations  such  as  the  following  should  be 

expected  in  the  implementation  of  such  processes: 

-  Some  treatments  could  require  specialized  reaction 
vessels . 

-  Kinetics  of  tr eatment/desensit ization  reactions 

have  not  been  quantified. 

-  Materials  handlinq  systems  may  be  complex  and  re¬ 
quire  special  engineering. 
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